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Abstract
We assume that New Physics effects are parametrized within the Standard Model
Effective Field Theory (SMEFT) written in a complete basis of gauge invariant operators
up to dimension 6, commonly referred to as “Warsaw basis”. We discuss all steps necessary
to obtain a consistent transition to the spontaneously broken theory and several other
important aspects, including the BRST-invariance of the SMEFT action for linear Rξ-
gauges. The final theory is expressed in a basis characterized by SM-like propagators
for all physical and unphysical fields. The effect of the non-renormalizable operators
appears explicitly in triple or higher multiplicity vertices. In this mass basis we derive the
complete set of Feynman rules, without resorting to any simplifying assumptions such as
baryon-, lepton-number or CP conservation. As it turns out, for most SMEFT vertices
the expressions are reasonably short, with a noticeable exception of those involving 4, 5
and 6 gluons. We have also supplemented our set of Feynman rules, given in an appendix
here, with a publicly available Mathematica code working with the FeynRules package
and producing output which can be integrated with other symbolic algebra or numerical
codes for automatic SMEFT amplitude calculations.
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1 Introduction and Motivation
After the discovery of the Higgs boson, the picture of the Standard Model (SM) [1–3] being a
spontaneously broken gauge theory at an Electroweak Scale (EW) with v ∼ 246 GeV has been
theoretically established and experimentally confirmed to a significant accuracy. Nevertheless,
new physics beyond the SM may be hidden in the experimental errors of measurements that
are becoming increasingly accurate at the LHC. Such phenomena can be parametrized in
terms of the so-called SM Effective Field Theory (SMEFT) [4–6]1, where, assuming Λ to be
the typical energy scale of the SM extension, the observable effects are suppressed by powers
of the expansion parameter v/Λ. The SM’s weak response to a more fundamental theory
(effective or not) living at Λ may be due to the fact that such a scale is far above the EW
scale i.e., Λ ≫ v, or because non-renormalizable, UV-dependent couplings are, somehow,
small.
Besides the verification of the SM gauge group and content, a renewed interest in the
SMEFT arises from the fairly recent completion of all gauge invariant, independent, (mass)
dimension-6 operators, first conducted in a study by Buchmu¨ller and Wyler [10] in 1985 and
lately amended by the Warsaw university group [11] in 2010. We shall refer to this set of
operators as the “Warsaw” basis. In this basis there are 59+1 baryon-number conserving2
and 4 baryon-number violating operators.
If physics beyond the SM lies not too far from the EW scale, so that is invisible, but
also not too close to the EW scale, so that the effective field theory description (EFT) does
not fail, then SMEFT observables should encode possible deviations from the SM to order
(v/Λ)2 no matter what the fundamental (UV) theory is. A serious attempt in calculating
such observables should start by first writing down the Feynman rules for propagators and
vertices for physical fields, after spontaneous symmetry breaking (SSB) of the effective theory,
in a way that consistently renders the theory renormalizable in the “modern” sense - here
of absorbing infinities into a finite number of counterterms up to order (v/Λ)2. One major
criterion for this to be realized is that the gauge boson propagators vanish for momenta
p → ∞ as p−2 so that the theory satisfies usual power counting rules for renormalizability,
as in the SM for example. In 1971, ’t Hooft [13] and B. Lee [14] showed that this can be
realized in a linear gauge which a year later extended to a larger class of renormalizable
gauges by Fujikawa, Lee, Sanda [15], and Yao [16]. This class of renormalizable gauges, called
Rξ-gauges, can be parametrized by one or more arbitrary constants, collectively written as
ξ. In addition to the smooth behavior of the propagators, Rξ-gauges allow for eliminating
“unwanted” mixed terms between physical gauge bosons and unphysical (Goldstone) scalar
fields in spontaneously broken gauge theories.
To the best of our knowledge, quantization of SMEFT in linear Rξ-gauges does not ex-
ist in the literature thus far. What complicates the picture of quantization in Rξ-gauges,
or as a matter of fact in every other class of gauges, is twofold: a) field redefinitions and
reparametrizations and b) mixed field strength operators. A careful treatment of the former
to retain gauge invariance is necessary [17] while properly rotating away (but not completely
eliminating from vertices) the latter, results in SM-like propagators for physical and unphys-
ical fields. More specifically, in this paper we consider SSB of the “Warsaw” basis theory and
present a full set of Feynman rules in Rξ-gauge in a mass basis, with the following features:
1For reviews see refs. [7–9].
2In counting, we include the lepton-number d = 5 violating operator [12] but do not count hermitian
conjugated operators and suppress fermion flavor dependence.
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• No restriction is made for the structure of flavor violating terms and for CP-, lepton-
or baryon-number conservation,
• SMEFT is quantized in Rξ-gauges written with four different arbitrary gauge parame-
ters, ξγ , ξZ , ξW , ξG for better cross checks of physical amplitudes.
• Gauge fixing and ghost part of the Lagrangian is chosen to be SM-like and preserve
Becchi, Rouet, Stora [18], and Tyutin [19] (BRST) invariance.
• All bilinear terms in the Lagrangian have canonical form, both for physical and unphys-
ical Goldstone and ghost fields; all propagators are diagonal and SM-like.
• Feynman rules for interactions are expressed in terms of physical SM fields and canonical
Goldstone and ghost fields.
We are aware that in the literature there are many calculations done already within
SMEFT, including several articles with loop calculations usually performed in unitary or
non-linear gauges, see for example ref. [9] and references therein. However, we think that
a full set of Feynman rules written (and coded in the symbolic computer program) in the
Rξ-gauges, including in addition the most general structure of the flavor violating terms, is
something that can largely simplify further such analyses. Especially, having such collection
is useful because the number of primary vertices in SMEFT in Rξ-gauges is huge: 380 without
counting the hermitian conjugates (surprisingly, for most SMEFT vertices the Feynman rules
are reasonably short, with an exception of self-interactions of 4, 5 and 6 gluons). An explicit
diagrammatic representation for all interaction vertices will minimize possible mistakes that
arise from missing terms or even entire diagrams in amplitude calculations. Furthermore,
implementation of them as a “model file” to the FeynRules package [20] produces an output
ready to be further used in symbolic or numeric programs for amplitude calculations.
The procedure we followed in deriving the SMEFT Feynman rules consists of the following
steps3:
1. within the “Warsaw” basis, given for reference in section 2, we perform the SSB mech-
anism and further field and coupling rescalings with constant parameters which have
no effect on the S-matrix elements (up to O(Λ−3) corrections). They make all bilinear
terms of gauge, Higgs and fermion fields canonical [section 3],
2. we discuss “oblique” corrections to the SM vertices, coming from the constant field and
coupling redefinitions when moving from weak to mass basis [section 4],
3. we introduce suitable Rξ-gauge fixing and ghost terms in the Lagrangian, in a way that
renders also the ghost propagators diagonal. The new terms eliminate the “unwanted”
gauge-Goldstone mixing and establish BRST invariance. Thus, in the mass basis of
SMEFT all quadratic terms of physical (SM particles) and unphysical (Goldstone bosons
and ghosts) become SM-like [section 5],
4. we evaluate Feynman rules for all sectors of the theory in Rξ-gauges. [Appendix A].
3Steps 1 and 2 have been discussed in numerous earlier papers e.g., ref. [21], but we include them here for
completeness and consistency.
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fermions scalars
field l′jLp =
(
ν ′Lp
e′Lp
)
e′Rp q
′αj
Lp =
(
u′αLp
d′αLp
)
u′αRp d
′α
Rp ϕ
j =
(
ϕ+
ϕ0
)
hypercharge Y −12 −1 16 23 −13 12
Table 1: The SM matter content in the gauge basis. Isospin, colour and generation indices are
indicated with j = 1, 2, α = 1...3 and p = 1...3, respectively.
Then, in section 6 we describe the features of the SmeftFR package generating automatically
relevant Feynman rules in various formats which could be used for automatised symbolic
calculations of transition amplitudes or imported to Monte Carlo generators. We conclude in
section 7.
2 Notation and conventions for the SMEFT Lagrangian
Throughout this article we use the notation and conventions of ref. [11]. However, in order
to distinguish between the fields and parameters of the initial, gauge basis and the final,
mass basis, we use primed notation for fermion fields and their Wilson coefficients in the
former, reserving the “unprimed” symbols for the physical mass eigenstates basis, where
flavor space rotations have been performed. In addition, and not to clutter the notation
further as compared to ref. [11], we absorb the theory cut-off scale Λ in the definitions of
Wilson coefficients, rescaling them appropriately as C
(5)
X /Λ→ C(5)X , C(6)X /Λ2 → C(6)X .
For completeness and reference, in Tables 2 and 3 we list all, gauge independent, dimension-
6 operators of the “Warsaw” basis derived in ref. [11]. The only dimension-5 operator, the
lepton-number violating operator [12], reads
Qνν = εjkεmnϕ
jϕm(l
′k
Lp)
T
C l
′n
Lr ≡ (ϕ˜†l′Lp)T C (ϕ˜†l′Lr) , (2.1)
where C is the charge conjugation matrix in notation of ref. [11]. Then the full gauge invariant
Lagrangian, up to O(Λ−3) corrections, takes the form
L = L(4)SM + CννQ(5)νν +
∑
X
CXQ
(6)
X +
∑
f
C
′fQ
(6)
f , (2.2)
where Q
(6)
X denotes dimension-6 operators that do not involve fermion fields, i.e., operators
entitled as X3, ϕ6, ϕ4D2,X2ϕ2 columns of Table 2, while Q
(6)
f denotes operators that contain
fermion fields among other fields i.e., all other operators in Tables 2 and 3. The renormaliz-
able part of the Lagrangian is (we suppress generation indices here),
L(4)SM = −
1
4
GAµνG
Aµν − 1
4
W IµνW
Iµν − 1
4
BµνB
µν + (Dµϕ)
†(Dµϕ) +m2ϕ†ϕ− 1
2
λ(ϕ†ϕ)2
+ i(l¯′L /Dl
′
L + e¯
′
R /De
′
R + q
′
L /Dq
′
L + u¯
′
R /Du
′
R + d¯
′
R /Dd
′
R)
− (l¯′LΓee′Rϕ+ q¯′LΓuu′Rϕ˜+ q¯′LΓdd′Rϕ+H.c.) . (2.3)
As compared to ref. [11] we slightly change the notation for the gauge group generators while
keeping all other conventions identical. The covariant derivative then reads,
Dµ = ∂µ + ig
′BµY + igW IµT
I + igsG
A
µ T A , (2.4)
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X3 ϕ6 and ϕ4D2 ψ2ϕ3
QG f
ABCGAνµ G
Bρ
ν G
Cµ
ρ Qϕ (ϕ
†ϕ)3 Qeϕ (ϕ†ϕ)(l¯′pe
′
rϕ)
QG˜ f
ABCG˜Aνµ G
Bρ
ν G
Cµ
ρ Qϕ2 (ϕ
†ϕ)2(ϕ†ϕ) Quϕ (ϕ†ϕ)(q¯′pu′rϕ˜)
QW ε
IJKW Iνµ W
Jρ
ν W
Kµ
ρ QϕD
(
ϕ†Dµϕ
)∗ (
ϕ†Dµϕ
)
Qdϕ (ϕ
†ϕ)(q¯′pd′rϕ)
Q
W˜
εIJKW˜ Iνµ W
Jρ
ν W
Kµ
ρ
X2ϕ2 ψ2Xϕ ψ2ϕ2D
QϕG ϕ
†ϕGAµνG
Aµν QeW (l¯
′
pσ
µνe′r)τ
IϕW Iµν Q
(1)
ϕl (ϕ
†i
↔
Dµ ϕ)(l¯
′
pγ
µl′r)
QϕG˜ ϕ
†ϕ G˜AµνGAµν QeB (l¯′pσµνe′r)ϕBµν Q
(3)
ϕl (ϕ
†i
↔
D Iµ ϕ)(l¯
′
pτ
Iγµl′r)
QϕW ϕ
†ϕW IµνW Iµν QuG (q¯′pσµνT Au′r)ϕ˜ GAµν Qϕe (ϕ†i
↔
Dµ ϕ)(e¯
′
pγ
µe′r)
Q
ϕW˜
ϕ†ϕW˜ IµνW
Iµν QuW (q¯
′
pσ
µνu′r)τ
I ϕ˜W Iµν Q
(1)
ϕq (ϕ†i
↔
Dµ ϕ)(q¯
′
pγ
µq′r)
QϕB ϕ
†ϕBµνBµν QuB (q¯′pσµνu′r)ϕ˜ Bµν Q
(3)
ϕq (ϕ†i
↔
D Iµ ϕ)(q¯
′
pτ
Iγµq′r)
Q
ϕB˜
ϕ†ϕ B˜µνBµν QdG (q¯′pσ
µνT Ad′r)ϕGAµν Qϕu (ϕ†i
↔
Dµ ϕ)(u¯
′
pγ
µu′r)
QϕWB ϕ
†τ IϕW IµνB
µν QdW (q¯
′
pσ
µνd′r)τ
IϕW Iµν Qϕd (ϕ
†i
↔
Dµ ϕ)(d¯
′
pγ
µd′r)
Q
ϕW˜B
ϕ†τ IϕW˜ IµνBµν QdB (q¯′pσµνd′r)ϕBµν Qϕud i(ϕ˜†Dµϕ)(u¯′pγµd′r)
Table 2: Dimension-6 operators other than the four-fermion ones (from ref. [11]). For brevity we
suppress fermion chiral indices L,R.
where the weak hypercharge Y assigned to the fields is given in Table 1. In fundamental
representation, the generators for SU(2) read T I = τ I/2 with τ I (I=1,2,3) being the Pauli
matrices and for SU(3) read T A = λA/2 with λA (A=1,. . . ,8) being the Gell-Mann matrices.
The Hermitian derivatives appearing in ψ2ϕ2D class of Table 2 are defined as,
ϕ†i
↔
Dµ ϕ ≡ iϕ† (Dµ −
←
Dµ)ϕ , ϕ
†i
↔
D Iµ ϕ ≡ iϕ† (τ IDµ −
←
Dµτ
I)ϕ , (2.5)
with ϕ†
←
Dµ ϕ ≡ (Dµϕ)†ϕ. The field strength tensors are,
GAµν = ∂µG
A
ν − ∂νGAµ − gsfABCGBµGCν , (2.6)
W Iµν = ∂µW
I
ν − ∂νW Iµ − gǫIJKW JµWKν , (2.7)
Bµν = ∂µBν − ∂νBµ , (2.8)
and their dual tensors read X˜µν =
1
2ǫµνρσX
ρσ (ǫ0123 = +1), with X ≡ B,W I or GA. Finally,
we consider the SMEFT accurate up toO(Λ−3) corrections and therefore all relations obtained
within it are accurate up to this level of approximation. We will implicitly make use of this
property in our derivations without making any further notice.
3 Mass eigenstates basis in SMEFT
As usual, in order to identify physical (and unphysical) degrees of freedom in the presence
of SSB, one needs to diagonalize the resulting mass matrices for all fields. However, in
6
(L¯L)(L¯L) (R¯R)(R¯R) (L¯L)(R¯R)
Qll (l¯
′
pγµl
′
r)(l¯
′
sγ
µl′t) Qee (e¯
′
pγµe
′
r)(e¯
′
sγ
µe′t) Qle (l¯
′
pγµl
′
r)(e¯
′
sγ
µe′t)
Q
(1)
qq (q¯′pγµq′r)(q¯′sγµq′t) Quu (u¯′pγµu′r)(u¯′sγµu′t) Qlu (l¯′pγµl′r)(u¯′sγµu′t)
Q
(3)
qq (q¯′pγµτ Iq′r)(q¯′sγµτ Iq′t) Qdd (d¯′pγµd′r)(d¯′sγµd′t) Qld (l¯′pγµl′r)(d¯′sγµd′t)
Q
(1)
lq (l¯
′
pγµl
′
r)(q¯
′
sγ
µq′t) Qeu (e¯
′
pγµe
′
r)(u¯
′
sγ
µu′t) Qqe (q¯
′
pγµq
′
r)(e¯
′
sγ
µe′t)
Q
(3)
lq (l¯
′
pγµτ
I l′r)(q¯′sγµτ Iq′t) Qed (e¯′pγµe′r)(d¯′sγµd′t) Q
(1)
qu (q¯′pγµq′r)(u¯′sγµu′t)
Q
(1)
ud (u¯
′
pγµu
′
r)(d¯
′
sγ
µd′t) Q
(8)
qu (q¯′pγµT Aq′r)(u¯′sγµT Au′t)
Q
(8)
ud (u¯
′
pγµT Au′r)(d¯′sγµT Ad′t) Q(1)qd (q¯′pγµq′r)(d¯′sγµd′t)
Q
(8)
qd (q¯
′
pγµT Aq′r)(d¯′sγµT Ad′t)
(L¯R)(R¯L) and (L¯R)(L¯R) B-violating
Qledq (l¯
′j
p e′r)(d¯′sq
′j
t ) Qduq ε
αβγεjk
[
(d
′α
p )
TCu
′β
r
] [
(q
′γj
s )TCl
′k
t
]
Q
(1)
quqd (q¯
′j
p u′r)εjk(q¯
′k
s d
′
t) Qqqu ε
αβγεjk
[
(q
′αj
p )TCq
′βk
r
] [
(u
′γ
s )TCe′t
]
Q
(8)
quqd (q¯
′j
p T Au′r)εjk(q¯
′k
s T Ad′t) Qqqq εαβγεjnεkm
[
(q
′αj
p )TCq
′βk
r
] [
(q
′γm
s )TCl
′n
t
]
Q
(1)
lequ (l¯
′ j
p e′r)εjk(q¯′ ks u′t) Qduu εαβγ
[
(d
′α
p )
TCu
′β
r
] [
(u
′γ
s )TCe′t
]
Q
(3)
lequ (l¯
′j
p σµνe
′
r)εjk(q¯
′k
s σ
µνu′t)
Table 3: Four-fermion operators (from ref. [11]). For brevity we suppress fermion chiral indices
L,R.
SMEFT there is an extra intermediate step involving field rescalings, since SSB also affects
the canonical normalization of the kinetic terms. In the following sections we discuss this
procedure step by step.
3.1 Higgs mechanism
The relevant operator terms contributing to the Higgs potential are
LH = (Dµϕ)†(Dµϕ) +m2(ϕ†ϕ)− λ
2
(ϕ†ϕ)2
+ Cϕ(ϕ†ϕ)3 + Cϕ(ϕ†ϕ)(ϕ†ϕ) + CϕD(ϕ†Dµϕ)∗(ϕ†Dµϕ) . (3.1)
Minimization of the potential results in a “corrected” vacuum expectation value (vev), which
reads [21],
v =
√
2m2
λ
+
3m3√
2λ5/2
Cϕ . (3.2)
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Notice that in all our expressions and Feynman rules that follow we use only this vev. As
usual, we next expand the Higgs doublet field around the vacuum,
ϕ =
(
Φ+
1√
2
(v +H + iΦ0)
)
. (3.3)
The Lagrangian bilinear terms of the scalar fields are then given by,
LBilinearH =
1
2
(
1 +
1
2
CϕDv2 − 2Cϕ2v2
)
(∂µH)
2 +
(
1
2
m2 − 3
4
λv2 +
15
8
v4Cϕ
)
H2
+
1
2
(
1 +
1
2
CϕDv2
)
(∂µΦ
0)2 + (∂µΦ
−)(∂µΦ+). (3.4)
By rescaling the fields as
h = ZhH , G
0 = ZG0 Φ
0 , G± ≡ Φ± , (3.5)
with the constant factors
Zh ≡ 1 + 1
4
CϕDv2 − Cϕ2v2 , (3.6)
ZG0 ≡ 1 +
1
4
CϕDv2 , (3.7)
one obtains the physical Higgs field h and Goldstone fieldsG0, G± with canonically normalized
kinetic terms. The tree-level squared mass of the normalized Higgs field h now reads,
M2h = 2m
2
[
1− m
2
λ2
(
3Cϕ − 4λCϕ + λCϕD)]
= λv2 − (3Cϕ − 2λCϕ + λ
2
CϕD)v4 . (3.8)
3.2 The gauge sector
The Lagrangian terms which are relevant for gauge boson propagators read,
LEW = −1
4
W IµνW
Iµν − 1
4
BµνB
µν + (Dµϕ)
†(Dµϕ)
+ CϕW (ϕ†ϕ)W IµνW
Iµν + CϕB(ϕ†ϕ)BµνBµν + CϕWB(ϕ†τ Iϕ)W IµνB
µν
+ CϕD(ϕ†Dµϕ)∗(ϕ†Dµϕ) , (3.9)
LQCD = −1
4
GAµνG
Aµν +CϕG(ϕ†ϕ)GAµνG
Aµν , (3.10)
where τ I are the Pauli matrices. Other, potentially relevant operators of the theory, contain-
ing B˜µν , W˜
I
µν and G˜
A
µν influence only CP-violating vertices. Their bilinear terms are total
derivatives and do not affect propagators. Therefore, we neglect them in our discussion here.
To simplify the above expressions, it is convenient to introduce “barred” fields and cou-
plings, such as
W¯ Iµ ≡ ZgW Iµ , g¯ ≡ Z−1g g ,
B¯µ ≡ Zg′Bµ , g¯′ ≡ Z−1g′ g′,
G¯Aµ ≡ ZgsGAµ , g¯s ≡ Z−1gs gs ,
8
where for our constant, field and coupling rescalings, we choose
Zg ≡ 1− CϕW v2 ,
Zg′ ≡ 1− CϕBv2 , (3.11)
Zgs ≡ 1− CϕGv2 .
We note that such transformations do not violate gauge invariance. They preserve the form
of the covariant derivative which now reads,
Dµ = D¯µ = ∂µ + ig¯B¯µY + ig¯W¯
I
µT
I + ig¯sG¯
A
µ T A , (3.12)
while the field strength tensors rescale the same way as their respective fields. The partic-
ular choice of eq. (3.11) renders the kinetic terms for the electroweak fields canonical, with
an exception of the mixed QϕWB operator in eq. (3.9). Furthermore, the last redefinition
of eq. (3.11) is sufficient to define massless physical, canonically normalized gluon fields, as
gAµ ≡ G¯Aµ . (3.13)
In terms of “barred” electroweak gauge bosons, B¯µ and W¯µ, the bilinear part of the Lagrangian
reads,
LBilinearEW = −
1
4
(W¯ 1µνW¯
1µν + W¯ 2µνW¯
2µν)− 1
4
(
W¯ 3µν
B¯µν
)⊤(
1 ǫ
ǫ 1
)(
W¯ 3µν
B¯µν
)
+
g¯2v2
8
(W¯ 1µW¯
1µ + W¯ 2µW¯
2µ)
+
v2
8
Z2G0
(
W¯ 3µ
B¯µ
)⊤(
g¯2 −g¯g¯′
−g¯g¯′ g¯′2
)(
W¯ 3µ
B¯µ
)
, (3.14)
where we have defined,
ǫ ≡ CϕWB v2 . (3.15)
From eq. (3.14) one identifies immediately the physical charged gauge bosons W±µ , as
W±µ =
1√
2
(W¯ 1µ ∓ iW¯ 2µ) , (3.16)
with the mass
MW =
1
2
g¯ v . (3.17)
The neutral gauge boson mass basis is obtained through the congruent matrix transforma-
tion [22], producing simultaneously canonical kinetic terms and diagonal masses. It reads,(
W¯ 3µ
B¯µ
)
= X
(
Zµ
Aµ
)
, (3.18)
with the matrix X taking the form,
X =
(
1 − ǫ2
− ǫ2 1
)(
cos θ¯ sin θ¯
− sin θ¯ cos θ¯
)
. (3.19)
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Straightforward calculation leads to a mixing angle [21,23]
tan θ¯ =
g¯′
g¯
+
ǫ
2
(
1− g¯
′2
g¯2
)
, (3.20)
whereas for gauge boson masses we obtain
MZ =
1
2
√
g¯2 + g¯′2 v
(
1 +
ǫg¯g¯′
g¯2 + g¯′2
)
ZG0 ,
MA = 0 . (3.21)
One can easily verify that the photon remains massless from the vanishing determinant of
the mass matrix in eq. (3.14). Note also that the X transformation affects the trace of this
matrix, thus producing the ǫ-dependence for MZ .
3.3 Gauge-Goldstone mixing
The operators relevant for Goldstone bosons kinetic terms give also rise to Goldstone-gauge
boson mixing. They read,
LH ⊃ (D¯µϕ)†(D¯µϕ) + CϕD(ϕ†D¯µϕ)∗(ϕ†D¯µϕ) , (3.22)
which, in the presence of SSB, generate the “unwanted” terms
LG−EW = − i g¯v
2
√
2
W¯ 1µ
(
∂µΦ+ − ∂µΦ−
)
+
g¯v
2
√
2
W¯ 2µ
(
∂µΦ+ + ∂µΦ−
)
− g¯v
2
Z2G0 W¯
3
µ ∂
µΦ0 +
g¯′v
2
Z2G0 B¯µ ∂
µΦ0. (3.23)
After expressing LG−EW in terms of the physical gauge bosons and Goldstone bosons, one
arrives to the familiar expression,
LG−EW = iMW (W+µ ∂µG− −W−µ ∂µG+)−MZ Zµ ∂µG0 . (3.24)
Thus, in mass basis all Wilson coefficients in the bilinear gauge-Goldstone mixing have been
absorbed in the definitions of fields and masses. As we discuss in Section 5, such a property
essentially allows to adopt the standard Rξ-gauge fixing also for SMEFT loop calculations.
3.4 Fermion sector
The operators relevant to fermion masses are
Lf = i(l¯′L /¯D l′L + e¯′R /¯D e′R + q¯′L /¯D q′L + u¯′R /¯D u′R + d¯′R /¯D d′R)
− (l¯′L Γe e′R ϕ+ q¯′L Γu u′R ϕ˜+ q¯′L Γd d′R ϕ+H.c.)
+
[
(ϕ†ϕ) (l¯′L C
′eϕ e′R ϕ) + (ϕ
†ϕ) (q¯′L C
′uϕ u′R ϕ˜) + (ϕ
†ϕ) (q¯′L C
′dϕ d′R ϕ) + H.c.
]
+
[
C
′νν (ϕ˜† l′L)
T
C (ϕ˜† l′L) + H.c.
]
, (3.25)
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where Γe,u,d and C
′eϕ, C
′uϕ, C
′dϕ are general complex 3 × 3 matrices, C ′νν is a symmetric
complex 3 × 3 matrix and primed fields denote the fields in the interaction (gauge) basis
(group and generation indices are suppressed).
The fermion kinetic terms remain unaffected by SSB, while the mass terms read
Lmass = −1
2
ν ′TL CM
′
ν ν
′
L − e¯′LM ′e e′R − u¯′LM ′u u′R − d¯′LM ′d d′R +H.c. , (3.26)
with the 3× 3 mass matrices equal to
M ′ν = −v2C
′νν , M ′e =
v√
2
(
Γe − C ′eϕ v22
)
,
M ′u =
v√
2
(
Γu − C ′uϕ v22
)
, M ′d =
v√
2
(
Γd −C ′dϕ v22
)
.
(3.27)
To diagonalize lepton and quark masses we rotate the fermion fields by the unitary matrices,
ψ′X = UψX ψX , (3.28)
with ψ = ν, e, u, d, X = L,R and the “unprimed” symbols denoting the mass eigenstates
fields. Then, the singular value decomposition for charged fermion mass matrices results in
U †eL M
′
e UeR = Me = diag(me,mµ,mτ ) ,
U †uL M
′
u UuR = Mu = diag(mu,mc,mt) , (3.29)
U †dL M
′
d UdR = Md = diag(md,ms,mb) ,
while the diagonal neutrino mass matrix is obtained through
UTνL M
′
ν UνL = Mν = diag(mν1 ,mν2 ,mν3) , (3.30)
with all fermion masses now being real and non-negative.
It is important to stress that in the absence of fermion SM-singlets in the SMEFT spec-
trum, neutrinos can never form massive Dirac particles. In the general case of L-flavour and
number violation, through the Weinberg operator of eq. (2.1), neutrinos are massive Majo-
rana spinors whereas under the assumption of L-conservation they can also be regarded just
as massless Weyl spinors. However, if dimension-six SMEFT is intended to describe the ob-
servable neutrino effects then the choice of massive Majorana neutrinos becomes mandatory.
In the massless limit the Majorana formalism becomes physically equivalent to the Weyl ap-
proach. Therefore, considering neutrinos as Majorana particles in our Feynman rules covers
all possible consistent choices. Such an approach requires special set of rules for neutrino
propagators, vertices and diagram combinatorics (the latter being the same as for the real-
scalar fields). We follow here the treatment proposed by Denner et al., [24,25]. More details
are given in Appendix A.2.
We note also that in the Majorana case all interactions involving neutrinos are automat-
ically lepton number violating. Obviously, the L-violating effects are controlled by neutrino
masses, giving typically small or negligible corrections to the amplitudes.
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Ceϕ = U †eLC
′eϕUeR (C
ll)f1f2f3f4 = (UeL)g2f2(UeL)g4f4(UeL)
∗
g1f1
(UeL)
∗
g3f3
(C
′ll)g1g2g3g4
Cdϕ = U †dLC
′dϕUdR (C
ee)f1f2f3f4 = (UeR)g2f2(UeR)g4f4(UeR)
∗
g1f1
(UeR)
∗
g3f3
(C
′ee)g1g2g3g4
Cuϕ = U †uLC
′uϕUuR (C
le)f1f2f3f4 = (UeL)g2f2(UeR)g4f4(UeL)
∗
g1f1
(UeR)
∗
g3f3
(C
′le)g1g2g3g4
CeW = U †eLC
′eWUeR (C
qq(1))f1f2f3f4 = (UdL)g2f2(UdL)g4f4(UdL)
∗
g1f1
(UdL)
∗
g3f3
(C
′qq(1))g1g2g3g4
CeB = U †eLC
′eBUeR (C
qq(3))f1f2f3f4 = (UdL)g2f2(UdL)g4f4(UdL)
∗
g1f1
(UdL)
∗
g3f3
(C
′qq(3))g1g2g3g4
CdG = U †dLC
′dGUdR (C
dd)f1f2f3f4 = (UdR)g2f2(UdR)g4f4(UdR)
∗
g1f1
(UdR)
∗
g3f3
(C
′dd)g1g2g3g4
CdW = U †dLC
′dWUdR (C
uu)f1f2f3f4 = (UuR)g2f2(UuR)g4f4(UuR)
∗
g1f1
(UuR)
∗
g3f3
(C
′uu)g1g2g3g4
CdB = U †dLC
′dBUdR (C
ud(1))f1f2f3f4 = (UuR)g2f2(UdR)g4f4(UuR)
∗
g1f1
(UdR)
∗
g3f3
(C
′ud(1))g1g2g3g4
CuG = U †uLC
′uGUuR (C
ud(8))f1f2f3f4 = (UuR)g2f2(UdR)g4f4(UuR)
∗
g1f1
(UdR)
∗
g3f3
(C
′ud(8))g1g2g3g4
CuW = U †uLC
′uWUuR (C
qu(1))f1f2f3f4 = (UdL)g2f2(UuR)g4f4(UdL)
∗
g1f1
(UuR)
∗
g3f3
(C
′qu(1))g1g2g3g4
CuB = U †uLC
′uBUuR (C
qu(8))f1f2f3f4 = (UdL)g2f2(UuR)g4f4(UdL)
∗
g1f1
(UuR)
∗
g3f3
(C
′qu(8))g1g2g3g4
Cϕl(1) = U †eLC
′ϕl(1)UeL (C
qd(1))f1f2f3f4 = (UdL)g2f2(UdR)g4f4(UdL)
∗
g1f1
(UdR)
∗
g3f3
(C
′qd(1))g1g2g3g4
Cϕl(3) = U †eLC
′ϕl(3)UeL (C
qd(8))f1f2f3f4 = (UdL)g2f2(UdR)g4f4(UdL)
∗
g1f1
(UdR)
∗
g3f3
(C
′qd(8))g1g2g3g4
Cϕe = U †eRC
′ϕeUeR (C
quqd(1))f1f2f3f4 = (UuR)g2f2(UdR)g4f4(UdL)
∗
g1f1
(UdL)
∗
g3f3
(C
′quqd(1))g1g2g3g4
Cϕq(1) = U †dLC
′ϕq(1)UdL (C
quqd(8))f1f2f3f4 = (UuR)g2f2(UdR)g4f4(UdL)
∗
g1f1
(UdL)
∗
g3f3
(C
′quqd(8))g1g2g3g4
Cϕq(3) = U †dLC
′ϕq(3)UdL (C
lq(1))f1f2f3f4 = (UeL)g2f2(UdL)g4f4(UeL)
∗
g1f1
(UdL)
∗
g3f3
(C
′lq(1))g1g2g3g4
Cϕd = U †dRC
′ϕdUdR (C
lq(3))f1f2f3f4 = (UeL)g2f2(UdL)g4f4(UeL)
∗
g1f1
(UdL)
∗
g3f3
(C
′lq(3))g1g2g3g4
Cϕu = U †uRC
′ϕuUuR (C
ld)f1f2f3f4 = (UeL)g2f2(UdR)g4f4(UeL)
∗
g1f1
(UdR)
∗
g3f3
(C
′ld)g1g2g3g4
Cϕud = U †uRC
′ϕudUdR (C
lu)f1f2f3f4 = (UeL)g2f2(UuR)g4f4(UeL)
∗
g1f1
(UuR)
∗
g3f3
(C
′lu)g1g2g3g4
Cνν = U⊤νLC
′ννUνL (C
qe)f1f2f3f4 = (UdL)g2f2(UeR)g4f4(UdL)
∗
g1f1
(UeR)
∗
g3f3
(C
′qe)g1g2g3g4
(Ced)f1f2f3f4 = (UeR)g2f2(UdR)g4f4(UeR)
∗
g1f1
(UdR)
∗
g3f3
(C
′ed)g1g2g3g4
(Ceu)f1f2f3f4 = (UeR)g2f2(UuR)g4f4(UeR)
∗
g1f1
(UuR)
∗
g3f3
(C
′eu)g1g2g3g4
(C ledq)f1f2f3f4 = (UeR)g2f2(UdL)g4f4(UeL)
∗
g1f1
(UdR)
∗
g3f3
(C
′ledq)g1g2g3g4
(C lequ(1))f1f2f3f4 = (UeR)g2f2(UuR)g4f4(UeL)
∗
g1f1
(UdL)
∗
g3f3
(C
′lequ(1))g1g2g3g4
(C lequ(3))f1f2f3f4 = (UeR)g2f2(UuR)g4f4(UeL)
∗
g1f1
(UdL)
∗
g3f3
(C
′lequ(3))g1g2g3g4
(Cduq)f1f2f3f4 = (UuR)g2f2(UeL)g4f4(UdR)g1f1(UdL)g3f3(C
′duq)g1g2g3g4
(Cqqu)f1f2f3f4 = (UdL)g2f2 ](UeR)g4f4(UdL)g1f1(UuR)g3f3(C
′qqu)g1g2g3g4
(Cqqq)f1f2f3f4 = (UdL)g2f2(UeL)g4f4(UdL)g1f1(UdL)g3f3(C
′qqq)g1g2g3g4
(Cduu)f1f2f3f4 = (UuR)g2f2(UeR)g4f4(UdR)g1f1(UuR)g3f3(C
′duu)g1g2g3g4
Table 4: Definitions for the Wilson coefficients of operators involving fermions, in mass basis. We
suppress the flavor indices for the two-fermion operators as the contraction is non-ambiguous here
and we assume summation over repeating indices.
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4 Corrections to the SM couplings
Corrections to the interactions described by the dimension-4 SM Lagrangian can come either
as genuine new vertices generated by higher order operators, or from the dimension-4 vertices
modified by the shifts in the fields and parameters necessary to express them in the mass
eigenstates basis. In this section we discuss the second class of (“oblique”) corrections.
In terms of physical gauge bosons, the electroweak part of the covariant derivative (its
QCD part parametrized in terms of g¯s-coupling is unchanged compared to the SM), reads
D¯EWµ = ∂µ + i
g¯√
2
(T+W+µ + T
−W−µ )
+i(g¯X11 T
3 + g¯′X21 Y ) Zµ + i(g¯X12 T 3 + g¯′X22 Y ) Aµ . (4.1)
The pattern of electroweak symmetry breaking results in a conserved electric charge, identified
through the standard relation Q = T3+Y . The electromagnetic gauge invariance of the broken
theory manifests through the “corrected” electroweak unification condition,
e¯ = g¯′ X22 = g¯ X12 , (4.2)
which couples the photon only to the electric charge while keeping it massless. Using eq. (4.2)
and the property detX = 1 one can always express the covariant derivative in the familiar
form,
D¯EWµ = ∂µ + i
g¯√
2
(T+W+µ + T
−W−µ ) + ig¯Z (T
3 − sin2 θ¯ Q)Zµ + ie¯QAµ , (4.3)
where the modified couplings now read,
e¯ =
g¯g¯′√
g¯2 + g¯′2
(
1− ǫg¯g¯
′
g¯2 + g¯′2
)
,
g¯Z =
√
g¯2 + g¯′2
(
1 +
ǫg¯g¯
′
g¯2 + g¯′2
)
. (4.4)
In summary, after redefinitions of fields and couplings in mass basis, corrections to gauge
interactions originating from the shift in the gauge and Higgs sector parameters depend only
on two additional Wilson coefficients: CϕWB, responsible for the mixing of electroweak gauge
boson kinetic terms, and, CϕD appearing through the physical Z0-boson mass (see eq. (3.21)).
Furthermore, the CϕD operator breaks the custodial invariance as this is described by the
anomalous value of the ρ parameter,
ρ =
|JC.C |2
|JN.C.|2 =
g¯2 M2Z
g¯2ZM
2
W
= 1 +
1
2
CϕDv2 . (4.5)
As it is well known, this is strongly constrained by precision EW experiments, at the level of
0.1% [26]. Consequently, sizable “oblique” corrections in the gauge sector could potentially
arise only from the gauge boson kinetic mixing ǫ defined in eq. (3.15).
Another set of “oblique” corrections originates in the flavor sector of SMEFT after diago-
nalization of the fermion mass matrices [see section 3.4]. In SM, the flavor rotations obtained
from fermion mass diagonalization appear explicitly only in the charged quark and lepton
currents in the specific combinations,
K ≡ U †uLUdL , U ≡ U †eLUνL , (4.6)
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and are identified as the CKM [27] and PMNS [28, 29] mixing matrices, respectively. We
follow the same definition in SMEFT4 for obviously different flavor rotations UψX since the
corresponding mass matrices are modified, as seen in eq. (3.27). Nevertheless, contrary to
SM, the unitary matrices K,U of SMEFT are not exclusively responsible for the W -fermion-
fermion vector couplings of quarks and leptons. This can be seen from the relevant part of
the Lagrangian,
Lc.c. = − g¯√
2
W+µ u¯p γ
µ
{[
U †uL(1+ v
2C
′ϕq(3))UdL
]
pr
PL +
(
v2
2
U †uRC
′ϕudUdR
)
pr
PR
}
dr
− g¯√
2
W+µ ν¯p γ
µ
[
U †eL(1+ v
2C
′ϕl(3))UνL
]†
pr
PL er +H.c. , (4.7)
by substituting eq. (4.6) and performing the parameter redefinitions of Table 4 to obtain,
Lc.c. = − g¯√
2
W+µ u¯p γ
µ
{[
K (1+ v2Cϕq(3))
]
pr
PL +
v2
2
Cϕudpr PR
}
dr
− g¯√
2
W+µ ν¯p γ
µ
[
(1 + v2Cϕl(3))U
]†
pr
PL er +H.c. (4.8)
It should be clear in this form that the Wilson coefficients not only generate novel right-handed
interactions but also violate unitarity in the left-handed couplings.
In what follows we redefine the Wilson coefficients of operators involving fermions by
absorbing into them the flavor rotations from gauge to mass basis. In this way we are able
to express the mass basis Lagrangian entirely in terms of the “unprimed” fields, Wilson
coefficients and the unitary K-, and U -mixing matrices. In some cases the redefinitions are
not unique, as in the operators involving left fermion SU(2) doublets one can adsorb into
the Wilson coefficient either the rotation matrix of the lower or upper constituent of the
doublet. We choose it always to be the lower field (eL or dL) rotation, as in this way the
flavor violating K or U matrices appear explicitly in less experimentally constrained u-quark
or neutrino couplings (see also discussion in Ref. [30]). Our redefinitions are collected in
Table 4.
Finally, Higgs boson interactions with fermions are affected by the transition to the phys-
ical mass eigenstates both universally, due to the change of Higgs-boson normalization in
eq. (3.6), and in a flavor dependent way, due to the modified relation in eq. (3.27) between
fermion masses and the Yukawa couplings. The Higgs-fermion-fermion interaction Lagrangian
in mass basis is,
Lhψψ = − e¯
[
Me
v
(
1− 1
4
CϕDv2 + Cϕ2v2
)
− Ceϕ v
2
√
2
]
PR e h+H.c.
− u¯
[
Mu
v
(
1− 1
4
CϕDv2 + Cϕ2v2
)
− Cuϕ v
2
√
2
]
PR uh+H.c.
− d¯
[
Md
v
(
1− 1
4
CϕDv2 + Cϕ2v2
)
− Cdϕ v
2
√
2
]
PR dh+H.c. , (4.9)
4Alternatively one can follow a non-unitary definition for CKM and PMNS as in previous versions of this
manuscript and Ref. [30]. The unitary definition adopted here allows for easier manipulations in practical
calculations and displays the physical parameters of the flavor sector in a more transparent way.
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with the diagonal fermion mass matrices above, defined in eq. (3.29). Note that the dimension-
5 operator in eq. (2.1), induces also a Higgs-neutrino-neutrino vertex but this is highly sup-
pressed since it is proportional to neutrino masses.
5 Gauge fixing and FP-ghosts in Rξ-gauges
Compared to SM, the procedure of gauge fixing in SMEFT involves additional features. A
consistent and convenient, for practical purposes, choice of gauge fixing conditions and ghost
sector should fulfil the following requirements:
• Cancel the unwanted Goldstone-gauge boson bilinear mixing, as in SM.
• Lead to SM-like propagators in terms of the effective mass basis parameters and fields.
• Preserve the BRST invariance of the full Lagrangian in the presence of gauge fixing and
ghost terms.
Let us notice that the gauge basis Lagrangian in terms of barred couplings and fields, as
obtained through eq. (3.11), keeps the same form up to rescaling factors. For the dimension-4
terms it reads,
L(4)SM = −
1
4
Z−2gs G¯
A
µνG¯
Aµν − 1
4
Z−2g W¯
I
µνW¯
Iµν − 1
4
Z−2g′ B¯µνB¯
µν
+ (D¯µϕ)
†(D¯µϕ) +m2ϕ†ϕ− 1
2
λ(ϕ†ϕ)2
+ i(l¯′L /¯Dl
′
L + e¯
′
R
/¯De′R + q¯
′
L
/¯Dq′L + u¯
′
R
/¯Du′R + d¯
′
R
/¯Dd′R)
− (l¯′LΓee′Rϕ+ q¯′LΓuu′Rϕ˜+ q¯′LΓdd′Rϕ+H.c.) , (5.1)
while all higher dimensional operators remain unaffected at the considered order. Each term
in the “barred” Lagrangian is still manifestly SU(3) × SU(2) × U(1) invariant, despite the
presence of Z-factors. Therefore, we may equivalently use this Lagrangian to gauge fix the
theory.
Our choice for the gauge fixing term in the electroweak sector reads
LGF = −1
2
F⊤ξˆ−1F , (5.2)
with the gauge fixing functionals F i defined through
F =

F 1
F 2
F 3
F 0
 =

∂µW¯
1µ
∂µW¯
2µ
∂µW¯
3µ
∂µB¯
µ
−
vξˆ
2

−ig¯Φ+−Φ−√
2
g¯Φ
++Φ−√
2
−g¯Z2G0Φ0
g¯′Z2G0Φ0
 (5.3)
and a 4× 4 symmetric matrix ξˆ introduced as
ξˆ =

ξW 0
ξW
0 X
(
ξZ
ξA
)
X⊤
 , (5.4)
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with X being the 2× 2 mixing matrix of the neutral electroweak gauge bosons in eq. (3.19).
With such a choice in gauge basis, the transformations which diagonalize and rescale the
electroweak gauge and Goldstone bosons also bring the gauge fixing term in a familiar form.
After substituting the mass basis fields into eq. (5.3), we arrive at the expression
LGF = − 1
ξW
(∂µW+µ + iξWMWG
+)(∂νW−ν − iξWMWG−)
− 1
2ξZ
(∂µZµ + ξZMZG
0)2 − 1
2ξA
(∂µAµ)
2 , (5.5)
which looks identical to the SM one in the standard linear Rξ-gauges and has all terms
required to eliminate the “unwanted” Goldstone-gauge mixing of eq. (3.24), through a total
derivative. As previously mentioned in Section 3.3, such a standard choice for Rξ-gauges is
possible since, in mass basis, all Wilson coefficients of the “unwanted” terms become absorbed
in masses and fields.
The gauge fixing conditions violate gauge invariance and we need to introduce a ghost
term in the Lagrangian to compensate and restore (the more general) BRST invariance. A
convenient and consistent choice for a ghost term takes the form
LFP = N¯⊤Eˆ(MˆFN) , (5.6)
where the gauge basis ghost, anti-ghost fields are defined as N i = (N1, N2, N3, N0), N¯ i =
(N¯1, N¯2, N¯3, N¯0), respectively and we have also introduced the symmetric 4× 4 matrix,
Eˆ =
(
12×2 02×2
02×2 (X⊤)−1X−1
)
. (5.7)
The gauge fixing functionals F i chosen in eq. (5.3) are linear in the fields and therefore
the standard Faddeev-Popov (FP) treatment with determinants applies5. The explicit form
of MˆF can be always obtained by performing an infinitesimal gauge transformation on F
i.
However, since we also wish to demonstrate the BRST invariance of the SMEFT action we
follow instead an equivalent derivation of MˆF with the help of the BRST-operator, s. It
reads,
Mˆ ijF N
j = sF i , (5.8)
where lowercase Latin indices run in the electroweak space ({i, j}=1,2,3,0).
Despite the presence of (constant) mixing matrices in the gauge fixing functionals, the
s-operator transforms the fields included in F i, in a way identical to SM, as
sϕ = −ig¯′Y ϕ N0 − ig¯T Iϕ N I ,
sϕ† = +ig¯′ϕ† Y N0 + ig¯ϕ†T I N I ,
sB¯µ = ∂µN
0 ,
sW¯ Iµ = ∂µN
I − g¯ǫIJKW¯ JµNK . (5.9)
5In the FP-treatment, it is clear that the matrix Eˆ factors out from the determinant as det(EˆMˆF ) =
det(Eˆ) det(MˆF ), affecting the path integral with an irrelevant constant factor.
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Then, MˆF reads explicitly,
MˆFN = ∂
2N + g¯
←
∂µ

0 −W¯ 3µ W¯ 2µ 0
W¯ 3µ 0 −W¯ 1µ 0
−W¯ 2µ W¯ 1µ 0 0
0 0 0 0
N (5.10)
+
vg¯2ξˆ
4

H + v Φ0 Φ
++Φ−√
2
g¯′
g¯
Φ++Φ−√
2
−Φ0 H + v iΦ+−Φ−√
2
ig¯′
g¯
Φ+−Φ−√
2
−Z2G0 Φ
++Φ−√
2
−iZ2G0 Φ
+−Φ−√
2
Z2G0(H + v) − g¯
′
g¯ Z
2
G0(H + v)
g¯′
g¯ Z
2
G0
Φ++Φ−√
2
ig¯′
g¯ Z
2
G0
Φ+−Φ−√
2
− g¯′g¯ Z2G0(H + v) g¯
′
2
g¯2
Z2G0(H + v)
N
Once again, the chosen form of eq. (5.6) with the presence of the matrix Eˆ, makes the
transformation which diagonalizes the gauge bosons kinetic terms and masses to diagonalize
also ghost bilinear terms. By defining ghost and anti-ghost fields in mass basis through the
relations
1√
2
(N1 ∓ iN2) = η±, 1√
2
(N¯1 ± iN¯2) = η¯± , (5.11)(
N3
N0
)
= X
(
ηZ
ηA
)
,
(
N¯3
N¯0
)⊤
=
(
η¯Z
η¯A
)⊤
X
⊤ , (5.12)
all occurrences of the X matrix in bilinear ghost terms become absorbed, leaving them in a
canonical form with squared masses ξWM
2
W , ξZM
2
Z and zero for the corresponding photon
ghost. Again, the ghost propagators are SM-like (see Appendix A.3). Nevertheless, cor-
rections from higher dimensional operators appear explicitly in ghost vertices as it was also
mentioned in ref. [31].
The BRST invariance of the SMEFT action not including the gauge fixing and ghost
sector, follows immediately from its gauge invariance. In order to establish BRST for the
gauge fixing and ghost sector, as well, we consider,
sN0 = 0 , sN I =
g¯
2
ǫIJKNJNK , (5.13)
sN¯ i = F j(ξˆ−1Eˆ−1)ji . (5.14)
Using eq. (5.8) and eq. (5.14), the property ξˆ−1 = (ξˆ−1)⊤ and the relation s(MˆFN) = 0,
which is associated with the nilpotency of BRST, one obtains
sLGF = −1
2
s
(
F i(ξˆ−1)ijF j
)
= −F i(ξˆ−1)ij(sF j)
= −(sN¯ i)EˆijMˆ jkF Nk = −s
(
N¯ iEˆijMˆ jkF N
k
)
= −sLFP . (5.15)
Hence, the full Lagrangian now remains invariant under BRST-symmetry transformations.
As easily noticed, the BRST transformation on all gauge basis fields, besides anti-ghosts,
is identical to SM. Therefore, for this set of fields it is nilpotent. The gauge fixing function-
als F i, although modified by the presence of new (constant) mixing matrices, are still linear
functions of the same fields as in SM (i.e., gauge and Goldstone bosons). Thus, the BRST
17
transformation for them is also nilpotent, satisfying s2F i = s(M ijF N
j) = 0, which can be
always verified explicitly. Finally, we note that the presence of constant matrices in the trans-
formation for anti-ghosts is in practice irrelevant. This is because one can always introduce
auxiliary fields [32,33] in a suitable manner without eventually affecting the gauge fixing and
ghost terms. The choice
LGF = −B⊤EˆF + 1
2
B⊤EˆξˆEˆB , (5.16)
is equivalent to eq. (5.2) when the equations of motion are taken for the auxiliary fields Bi.
Changing only the transformation for anti-ghosts, into sN¯ i = Bi and introducing the new
one sBi = 0 for the auxiliary fields, one can verify that the action remains BRST-invariant.
Moreover, the BRST transformation on all fields is now nilpotent, that is
s2 = 0. (5.17)
In the QCD-sector, an analogous discussion of the Rξ-gauges is far more trivial. In terms
of barred fields and couplings, the gauge fixing and ghost terms read
LGF + LFP = − 1
2ξG
FAFA + η¯AGM
AB
F η
B
G , (5.18)
with simply,
FA = ∂µg
Aµ,
MABF η
B = ∂2ηAG + g¯s
←
∂µf
ABCgBµηCG . (5.19)
6 Feynman rules and Mathematica implementation
In Appendix A we have collected the Feynman rules for SMEFT propagators and interaction
vertices in the Rξ-gauges. Most of the vertices are reasonably compact and for many processes
they can be readily used even for manual calculations. We did not display explicitly only the
five and six gluon self-interactions as they are, after symmetrizing in all Lorentz and color
indices, very long and it is unlikely that they can be used in any calculations without the use
of computer symbolic algebra programs.
Apart from the printed version, we have developed a publicly available Mathematica code,
SmeftFR, calculating the same set of Feynman rules with the use of FeynRules package [20].
SmeftFR is able to generate automatically “model files” for FeynRules for user-defined subset
of SMEFT operators (with numerical values of corresponding Wilson coefficients defined in
the WCxf format [34]) and for chosen type of gauge fixing conditions, further performing
the field redefinitions described earlier in the paper. The evaluated Feynman rules can be
exported in several commonly used formats (Latex, UFO [35], FeynArts [36] and others),
such that they can be directly fed to other symbolic or numerical packages for high energy
physics calculations. In addition, SmeftFR provides set of auxiliary programs performing
extra manipulations atop FeynRules–produced result, like optional correction of relative sign
between terms in 4-fermion vertices, correcting the expressions for B and/or L lepton violating
interactions and others. The detailed package description and user manual can be found in
ref. [37]. The SmeftFR package code can be downloaded from www.fuw.edu.pl/smeft.
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Very recently it has appeared in the literature a Mathematica program, called DsixTools
[38] that calculates the Renormalization Group Equation (RGE) running of Wilson coefficients
for the operators listed in Tables 2 and 3. This code is complementary to our SMEFT code
when calculating renormalized amplitudes at leading and, up to modifications, next to leading
order in perturbation theory.
7 Conclusions
It is a central problem in particle physics today to categorize and parametrize New Physics
effects that are expected to arise by new effective operators at some scale Λ. In this article we
analyzed the structure of Standard Model Effective Field Theory (SMEFT) including non-
renormalizable operators up to dimension 6. For the first time in literature we derived the
complete set of Feynman rules for this theory quantized in linear Rξ-gauges.
More precisely, we started from the well known “Warsaw” basis of ref. [11], where the
complete set of independent gauge invariant d ≤ 6 operators is given, and identified the mass
eigenstate fields after Spontaneous Symmetry Breaking (SSB). In achieving that goal, we
performed constant and gauge invariant field and coupling redefinitions in such a way that all
physical and unphysical fields possess canonical kinetic terms. Furthermore, we constructed
gauge fixing functionals which in mass basis have a form of the linear Rξ-gauges used routinely
in the SM loop-calculations. A general set of different gauge fixing parameters for each gauge
field has been introduced, for completeness and for additional cross-checks of the theory.
In order to restore the broken gauge symmetry after adding the gauge fixing terms, a
set of Faddeev-Popov ghosts has been introduced. The ghost Lagrangian has been chosen
such that the ghost propagators again have the SM-like structure, while the effect of higher
dimensional operators appears explicitly only in their interaction vertices. We also proved
that our SMEFT action preserves BRST invariance and provide the reader with pertinent
transformations in section 5.
In summary, after establishing all steps described above, the bilinear part of SMEFT
Lagrangian and all, physical and unphysical, field propagators expressed in terms of physical
masses have exactly the same structure as in the SM (although certain relations of masses
and couplings, such as the ρ-parameter for example, are modified by the new operators). The
effect of new d = 5 and 6 operators appears explicitly only in triple and higher multiplicity
vertices, either as modifications of the SM ones or as genuine new interactions beyond the SM.
Within the mass basis considered here, we constructed the complete set of Feynman rules
in the linear Rξ-gauges, not resorting to any restriction such as CP- or baryon- lepton-number
conservation. The Feynman Rules for the total 380 vertices (not counting the hermitian con-
jugate ones), which are about four times more than the SM vertices, are given in Appendix A.
All Feynman rules were derived using the FeynRules code and a set of auxiliary programs
created by the authors to perform field redefinitions, various simplifications and an automatic
translation to Latex/axodraw format. All propagators and vertices are listed explicitly in the
Appendix A and can be recreated in various symbolic computer formats with the use of a
publicly available Mathematica package, called SmeftFR, that can be downloaded from
www.fuw.edu.pl/smeft
The reader can consult SmeftFR manual [37] for programming and installation details.
On the practical side, we believe that our SMEFT collection of Feynman rules should
significantly facilitate future phenomenological analyses, saving time in deriving from scratch
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often lengthy expressions in a complicated theory. In addition, our Feynman rules help to
avoid possible mistakes and omissions of diagrams, which could easily happen when taking
into account only some parts of the full Lagrangian, as this is done in many studies so
far. Furthermore, the publicly available SmeftFR package that accompanies this article, can
be used to interface obtained Feynman rules to other high energy physics computational
computer programs, again streamlining the calculation of future SMEFT physical predictions.
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A Feynman Rules
A.1 General Notation
In this Appendix we list the complete set of Feynman rules for SMEFT in the physical (mass
eigenstates) field basis and in Rξ-gauges. Our general conventions follow Peskin&Schroeder
textbook [39].
In our notation for interaction vertices, indices and momentum for each particle (exter-
nal leg) carry a common number label. Indices of external particles appear explicitly in the
diagrams but momenta are suppressed for a better visual result. The convention for number
labels is displayed below for the four possible topologies of SMEFT. Momenta are always
considered to be incoming.
1
2
3 1
2
3
4
1
2 3
4
5
1
2 3
4
5 6
In addition to the notation defined in the main paper, we use the following symbols:
Index type Symbols
Flavor (generation) fi, gi
Spinor si
Color in triplet representation (quarks) mi
Color in adjoint representation (gluons) ai, bi
Lorentz µi, νi, αi, βi, ...
and ηµν denotes the Minkowski metric tensor with signature (+,−,−,−).
The Feynman rules listed in this Appendix were generated fully automatically by a special-
ized Mathematica code directly producing Latex output. In order to avoid possible misprints,
in manual edits of this output we kept our changes minimal. It was also difficult to implement
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in such a Mathematica to Latex translator the proper positioning of Lorentz indices. In the
expressions of this Appendix one should assume that repeating Lorentz indices are always
contracted in a covariant way, even if they are not subscript-superscript pairs.
A.2 Conventions for fermions
Contrary to the bosonic sector, amplitude calculations in the fermionic sector of SMEFT
require additional care. The effects which complicate the picture are discussed elsewhere [40].
For practical use, the following instructions can be useful:
• Our conventions are consistent with Peskin&Schroeder textbook. One can always use
the full toolbox offered there, including spin sums and other identities. Our phase
convention for charge conjugation is adapted to Bjorken&Drell [41], as followed by [11].
• Neutrino fields are in general massive in SMEFT, and as such have to be represented
by Majorana fermions. Amplitude calculations involving Majorana neutrinos require a
generalization of the standard formalism developed by Denner et al. [24, 25].
• When four-fermion vertices are relevant an even larger generalization is required. The
extension of the standard formalism dealing properly with amplitudes involving four-
fermion vertices has been proposed recently in Ref. [40].
• For the generalized formalisms it is useful to introduce the notion of the fermion-
flow [24]. In our propagators and vertices, arrows on fermion lines always denote such
fermion flow. For the usual Dirac fields, fermion-number and fermion-flow arrows have
the same direction and there is no distinction between the two. For charge-conjugate
fields (appearing in B,L-violating processes), they have the opposite direction. For Ma-
jorana neutrinos, fermion number is meaningless and one uses fermion-flow instead. We
completely suppress fermion-number arrows in all cases since, if needed, they can be
trivially reproduced with these remarks.
A.2.1 Conventions for fermion-number violation and neutrinos.
In the chiral representation, the charge conjugation unitary matrix reads,
C = −iγ2γ0 , (A.1)
C
† =C−1 = CT = −C . (A.2)
The C-matrix can associate the Dirac four-component (commuting) spinors, as
u(p, s¯) = C v¯T(p, s¯) , v(p, s¯) = C u¯T(p, s¯) . (A.3)
It can be further used to define the charge-conjugate fields as,
ψc = C ψ¯T , ψ¯c = ψTC . (A.4)
Obviously, these fields do not represent new degrees of freedom in the spectrum. Neverthe-
less, introducing them within the formalism of [24] simplifies calculations of fermion-number
violating effects, in a remarkable way.
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Massive Majorana −→ Massless Weyl
Mass mν −→ 0
PMNS U −→ 1
Propagator i
/p−m −→
i
/p
PR
Vertices δfifj(γ
µγ5)sisj −→ −δfifj(γµPL)sisj
Vertices (γµPR)sisj , (/pPR)sisj −→ 0
Combinatorics Real-scalar −→ Charged-scalar
Table 5: Conversion of neutrino Feynman rules from the massive Majorana case to the massless
Weyl case. The pair of index-labels i, j above refers to neutrino legs in vertices. In the 4ν-vertex
one should further eliminate the (. . . )s1s3 terms for Weyl spinors.
In our Feynman rules, neutrinos are considered to be Majorana particles. This choice can
describe consistently all processes of SMEFT. We adopt the phase convention,
ν = νc = C ν¯T . (A.5)
All Feynman rules involving neutrinos listed in this Appendix have been properly symmetrized
in their indices, taking also into account the Majorana condition when relevant. In addition,
they require using the real-scalar type combinatorics for the diagram multiplicities (for ex-
ample, an additional 1/2 factor for a Majorana neutrino loop, besides the usual minus sign).
For many applications where effects of the neutrino masses are negligible it may be eas-
ier to work in the neutrino massless-limit with Weyl spinors. Weyl Feynman rules can be
derived from the Majorana rules given in the following sections of our Appendix using the
transformations of Table 5.
A.2.2 Ordering conventions for four-fermion vertices.
The vertices have been extracted from the interaction Hamiltonian (Hint = −Lint) as,
〈0|T [−iHint]b†4d†3b†2d†1|0〉 = iΓˆ1′2′3′4′ 〈0|(ψ¯1′ψ2′ψ¯3′ψ4′)b†4d†3b†2d†1|0〉
∣∣∣ All possible
contractions
= iΓ1234v¯1u2v¯3u4 , (A.6)
where b†(d†) are creation operators for particles (antiparticles) with obvious modifications for
neutrino vertices (i.e., d† = b†) and B,L-violating interactions (d† → b† for ψ¯ → ψ¯c), recalling
that momenta are always considered incoming. Above, Γˆ is the initial (unsymmetrized)
Lagrangian coupling in mass basis and iΓ is the analytic expression for the (fully symmetrized)
vertex, both displayed here in a general tensor form. The tensor numbers represent indices
from the set,
i = {fi, si,mi},
which are relevant for each case. For example, the 4e-vertex of SMEFT reads explicitly,
iΓ1234 ≡ 2i(C llf1f2f3f4(γµPL)s1s2(γµPL)s3s4 −C llf1f4f3f2(γµPL)s1s4(γµPL)s3s2) + . . . ,
where ellipses denote contribution from other coefficients.
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A.3 Propagators in the Rξ-gauges
µ ν
W±
− i
k2 −M2W
[
ηµν − (1− ξW ) k
µkν
k2 − ξWM2W
]
µ ν
Z0
− i
k2 −M2Z
[
ηµν − (1− ξZ) k
µkν
k2 − ξZM2Z
]
µ ν
A0
− i
k2
[
ηµν − (1− ξA)k
µkν
k2
]
µ, a ν, b
g
− iδab
k2
[
ηµν − (1− ξG)k
µkν
k2
]
η±
− i
k2 − ξWM2W
−→ η±η¯±
ηZ
− i
k2 − ξZM2Z
−→ ηZ η¯Z
ηA
− i
k2
−→ ηAη¯A
a b
ηG
− iδab
k2
−→ ηbGη¯aG
G0
i
k2 − ξZM2Z
G±
i
k2 − ξWM2W
h
i
k2 −M2h
1 2
ψ, ν ( i
/k −mf1
)
s2s1
δf1f2δm1m2 ≡ iS21(k)
1 2
ψc
iSc21(k) = iS21(−k)
Note that ψ above stands for the Dirac fields of the theory, ψ = e, u, d. Color indices, mi, are
relevant only for quarks. Charge-conjugate fields ψc are related to B,L-violating vertices and
do not represent new fields in SMEFT. Momentum and ghost-number flow from left to right.
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A.4 Lepton–gauge vertices
νf1
νf2
Z0µ3
+
1
2
i
√
g¯2 + g¯′2δf1f2γ
µ3γ5 +
ig¯g¯′v2
2
√
g¯2 + g¯′2
δf1f2C
ϕWBγµ3γ5
+
1
2
iv2
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ3PL − Ug1f1U∗g2f2Cϕl1g2g1γµ3PR
]
−1
2
iv2
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ3PL − Ug1f1U∗g2f2Cϕl3g2g1γµ3PR
]
ef1
ef2
A0µ3
+
ig¯g¯′√
g¯2 + g¯′2
δf1f2γ
µ3 − ig¯
2g¯′2v2(
g¯2 + g¯′2
)3/2 δf1f2CϕWBγµ3
+
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CeW∗f2f1 σ
µ3νPL +C
eW
f1f2σ
µ3νPR
)
−
√
2g¯v√
g¯2 + g¯′2
pν3
(
CeB∗f2f1σ
µ3νPL + C
eB
f1f2σ
µ3νPR
)
ef1
ef2
Z0µ3
− i
2
√
g¯2 + g¯′2
δf1f2
((
g¯′2 − g¯2
)
γµ3PL + 2g¯
′2γµ3PR
)
+
ig¯g¯′v2
2
(
g¯2 + g¯′2
)3/2 δf1f2CϕWB ((g¯′2 − g¯2) γµ3PL − 2g¯2γµ3PR)
+
√
2g¯v√
g¯2 + g¯′2
pν3
(
CeW∗f2f1 σ
µ3νPL + C
eW
f1f2σ
µ3νPR
)
+
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CeB∗f2f1σ
µ3νPL + C
eB
f1f2σ
µ3νPR
)
+
1
2
iv2
√
g¯2 + g¯′2Cϕl1f1f2γ
µ3PL +
1
2
iv2
√
g¯2 + g¯′2Cϕl3f1f2γ
µ3PL
+
1
2
iv2
√
g¯2 + g¯′2Cϕef1f2γ
µ3PR
νf1
ef2
W+µ3
− ig¯√
2
U∗f2f1γ
µ3PL − 2vpν3U∗g1f1CeWg1f2σµ3νPR −
ig¯v2√
2
U∗g1f1C
ϕl3
g1f2
γµ3PL
ef1
ef2
W+µ3
W−µ4
+
√
2g¯v
(
σµ3µ4PLC
eW∗
f2f1 + C
eW
f1f2σ
µ3µ4PR
)
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ef1
νf2
A0µ3
W−µ4
+
2g¯g¯′v√
g¯2 + g¯′2
Ug1f2σ
µ3µ4PLC
eW∗
g1f1
ef1
νf2
W−µ3
Z0µ4
− 2g¯
2v√
g¯2 + g¯′2
Ug1f2σ
µ3µ4PLC
eW∗
g1f1
A.5 Lepton–Higgs–gauge vertices
ef1
ef2
G0
+
1
v
δf1f2mlf1γ
5 − v
4
δf1f2C
ϕDmlf1γ
5
− v/p3PLC
ϕl1
f1f2
− v/p3PLC
ϕl3
f1f2
− v/p3PRC
ϕe
f1f2
ef1
ef2
h
− i
v
δf1f2mlf1 − ivδf1f2C
ϕ2mlf1
+
iv
4
δf1f2C
ϕDmlf1 +
iv2√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
νf1
ef2
G+
+
i
√
2
v
U∗f2f1
(
mνf1PL −mlf2PR
)
+ i
√
2v/p3PLU
∗
g1f1C
ϕl3
g1f2
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νf1
νf2
G0
−2
v
δf1f2mνf1γ
5−v
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2/p3PL − Ug1f1U∗g2f2Cϕl1g2g1/p3PR
]
+v
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2/p3PL − Ug1f1U∗g2f2Cϕl3g2g1/p3PR
]
νf1
νf2
h
−2i
v
δf1f2mνf1
(ec)f1
ef2
G+
G+
− 4i
v2
mνg1U
∗
f1g1U
∗
f2g1PL
ef1
ef2
G+
G−
− 4i
v2
mνg1U
∗
f1g1U
∗
f2g1PL
ef1
ef2
G0
G0
+
iv√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
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ef1
ef2
G0
h
+
v√
2
(
PLC
eϕ∗
f2f1
− PRCeϕf1f2
)
−
(
/p3PL − /p4PL
)
Cϕl1f1f2
−
(
/p3PL − /p4PL
)
Cϕl3f1f2 −
(
/p3PR − /p4PR
)
Cϕef1f2
ef1
ef2
h
h
+
3iv√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
νf1
ef2
G+
h
+i
√
2
v2
mνf1U
∗
f2f1PL + ivPRU
∗
g1f1C
eϕ
g1f2
+ i
√
2
(
/p3PL − /p4PL
)
U∗g1f1C
ϕl3
g1f2
νf1
νf2
G+
G−
+i
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2
(
/p3PL − /p4PL
)
− Ug1f1U∗g2f2Cϕl1g2g1
(
/p3PR − /p4PR
) ]
+i
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2
(
/p3PL − /p4PL
)
− Ug1f1U∗g2f2Cϕl3g2g1
(
/p3PR − /p4PR
) ]
νf1
νf2
G0
G0
+
2i
v2
δf1f2mνf1
28
νf1
νf2
G0
h
− 2
v2
δf1f2mνf1γ
5
−
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2
(
/p3PL − /p4PL
)
− Ug1f1U∗g2f2Cϕl1g2g1
(
/p3PR − /p4PR
) ]
+
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2
(
/p3PL − /p4PL
)
− Ug1f1U∗g2f2Cϕl3g2g1
(
/p3PR − /p4PR
) ]
νf1
νf2
h
h
− 2i
v2
δf1f2mνf1
νf1
νf2
h
Z0µ4
+iv
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ4PL − Ug1f1U∗g2f2Cϕl1g2g1γµ4PR
]
−iv
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ4PL − Ug1f1U∗g2f2Cϕl3g2g1γµ4PR
]
ef1
ef2
A0µ3
h
+
√
2g¯′√
g¯2 + g¯′2
pν3
(
CeW∗f2f1 σ
µ3νPL + C
eW
f1f2σ
µ3νPR
)
−
√
2g¯√
g¯2 + g¯′2
pν3
(
CeB∗f2f1σ
µ3νPL + C
eB
f1f2σ
µ3νPR
)
29
ef1
ef2
h
Z0µ4
+
√
2g¯√
g¯2 + g¯′2
pν4
(
CeW∗f2f1 σ
µ4νPL + C
eW
f1f2σ
µ4νPR
)
+
√
2g¯′√
g¯2 + g¯′2
pν4
(
CeB∗f2f1σ
µ4νPL + C
eB
f1f2σ
µ4νPR
)
+ iv
√
g¯2 + g¯′2Cϕl1f1f2γ
µ4PL + iv
√
g¯2 + g¯′2Cϕl3f1f2γ
µ4PL
+ iv
√
g¯2 + g¯′2Cϕef1f2γ
µ4PR
νf1
νf2
G−
W+µ4
−ig¯v
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ4PL − Ug1f1U∗g2f2Cϕl1g2g1γµ4PR
]
ef1
ef2
G−
W+µ4
−2
√
2pν4C
eW∗
f2f1 σ
µ4νPL − ig¯vCϕl1f1f2γµ4PL − ig¯vC
ϕe
f1f2
γµ4PR
νf1
ef2
G0
G+
−
√
2
v2
mνf1U
∗
f2f1PL −
√
2
(
/p3PL − /p4PL
)
U∗g1f1C
ϕl3
g1f2
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ef1
νf2
A0µ3
G−
− 2g¯
′√
g¯2 + g¯′2
pν3Ug1f2σ
µ3νPLC
eW∗
g1f1 −
2g¯√
g¯2 + g¯′2
pν3Ug1f2σ
µ3νPLC
eB∗
g1f1
− i
√
2g¯g¯′v√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ3PL
ef1
νf2
G−
Z0µ4
− 2g¯√
g¯2 + g¯′2
pν4Ug1f2σ
µ4νPLC
eW∗
g1f1 +
2g¯′√
g¯2 + g¯′2
pν4Ug1f2σ
µ4νPLC
eB∗
g1f1
+
i
√
2g¯′2v√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ4PL
νf1
ef2
h
W+µ4
−2pν4U∗g1f1CeWg1f2σµ4νPR − i
√
2g¯vU∗g1f1C
ϕl3
g1f2
γµ4PL
ef1
νf2
G0
W−µ4
+2ipν4Ug1f2σ
µ4νPLC
eW∗
g1f1
31
ef1
ef2
A0µ3
G0
− i
√
2g¯′√
g¯2 + g¯′2
pν3
(
CeW∗f2f1 σ
µ3νPL − CeWf1f2σµ3νPR
)
+
i
√
2g¯√
g¯2 + g¯′2
pν3
(
CeB∗f2f1σ
µ3νPL − CeBf1f2σµ3νPR
)
ef1
ef2
G0
Z0µ4
− i
√
2g¯√
g¯2 + g¯′2
pν4
(
CeW∗f2f1 σ
µ4νPL − CeWf1f2σµ4νPR
)
− i
√
2g¯′√
g¯2 + g¯′2
pν4
(
CeB∗f2f1σ
µ4νPL − CeBf1f2σµ4νPR
)
ef1
ef2 G0
G+
G−
+
1√
2
(
PLC
eϕ∗
f2f1
− PRCeϕf1f2
)
ef1
ef2 G+
G−
h
+
i√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
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ef1
ef2 G0
G0
G0
+
3√
2
(
PLC
eϕ∗
f2f1
− PRCeϕf1f2
)
ef1
ef2 G0
G0
h
+
i√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
ef1
ef2 G0
h
h
+
1√
2
(
PLC
eϕ∗
f2f1
− PRCeϕf1f2
)
ef1
ef2 h
h
h
+
3i√
2
(
PLC
eϕ∗
f2f1
+ PRC
eϕ
f1f2
)
νf1
ef2 G+
G+
G−
+2iPRU
∗
g1f1C
eϕ
g1f2
33
νf1
ef2 G0
G0
G+
+iPRU
∗
g1f1C
eϕ
g1f2
νf1
ef2 G+
h
h
+iPRU
∗
g1f1C
eϕ
g1f2
νf1
νf2 A
0
µ3
G+
G−
− 2ig¯g¯
′√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ3PL − Ug1f1U∗g2f2Cϕl1g2g1γµ3PR
]
− 2ig¯g¯
′√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ3PL − Ug1f1U∗g2f2Cϕl3g2g1γµ3PR
]
νf1
νf2 G+
G−
Z0µ5
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl1g2g1γµ5PR
]
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl3g2g1γµ5PR
]
ef1
ef2 A
0
µ3
G+
G−
− 2ig¯g¯
′√
g¯2 + g¯′2
Cϕl1f1f2γ
µ3PL +
2ig¯g¯′√
g¯2 + g¯′2
Cϕl3f1f2γ
µ3PL − 2ig¯g¯
′√
g¯2 + g¯′2
Cϕef1f2γ
µ3PR
34
ef1
ef2 G+
G−
Z0µ5
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕl1f1f2γ
µ5PL −
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕl3f1f2γ
µ5PL
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕef1f2γ
µ5PR
νf1
νf2 G0
G0
Z0µ5
+i
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl1g2g1γµ5PR
]
−i
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl3g2g1γµ5PR
]
νf1
νf2 h
h
Z0µ5
+i
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl1g2g1γµ5PR
]
−i
√
g¯2 + g¯′2
[
Ug2f2U
∗
g1f1C
ϕl3
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl3g2g1γµ5PR
]
ef1
ef2 G0
G0
Z0µ5
+i
√
g¯2 + g¯′2Cϕl1f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕl3f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕef1f2γ
µ5PR
35
ef1
ef2 h
h
Z0µ5
+i
√
g¯2 + g¯′2Cϕl1f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕl3f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕef1f2γ
µ5PR
νf1
νf2 G0
G−
W+µ5
+g¯
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl1g2g1γµ5PR
]
νf1
νf2 G−
h
W+µ5
−ig¯
[
Ug2f2U
∗
g1f1C
ϕl1
g1g2γ
µ5PL − Ug1f1U∗g2f2Cϕl1g2g1γµ5PR
]
ef1
ef2 G0
G−
W+µ5
+g¯Cϕl1f1f2γ
µ5PL + g¯C
ϕe
f1f2
γµ5PR
ef1
ef2 G−
h
W+µ5
−ig¯Cϕl1f1f2γµ5PL − ig¯C
ϕe
f1f2
γµ5PR
36
ef1
νf2 A
0
µ3
G0
G−
+
√
2g¯g¯′√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ3PL
ef1
νf2 A
0
µ3
G−
h
− i
√
2g¯g¯′√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ3PL
ef1
νf2 G0
G−
Z0µ5
−
√
2g¯′2√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ5PL
ef1
νf2 G−
h
Z0µ5
+
i
√
2g¯′2√
g¯2 + g¯′2
Ug1f2C
ϕl3
f1g1
γµ5PL
νf1
ef2 G+
G−
W+µ5
−i
√
2g¯U∗g1f1C
ϕl3
g1f2
γµ5PL
37
νf1
ef2 G0
G0
W+µ5
−i
√
2g¯U∗g1f1C
ϕl3
g1f2
γµ5PL
νf1
ef2 h
h
W+µ5
−i
√
2g¯U∗g1f1C
ϕl3
g1f2
γµ5PL
ef1
νf2 G−
W+µ4
W−µ5
−2g¯Ug1f2σµ4µ5PLCeW∗g1f1
ef1
ef2 G0
W+µ4
W−µ5
−i
√
2g¯
(
σµ4µ5PLC
eW∗
f2f1 − CeWf1f2σµ4µ5PR
)
ef1
ef2 h
W+µ4
W−µ5
+
√
2g¯
(
σµ4µ5PLC
eW∗
f2f1 + C
eW
f1f2σ
µ4µ5PR
)
38
ef1
νf2 A
0
µ3
G0
W−µ5
− 2ig¯g¯
′√
g¯2 + g¯′2
Ug1f2σ
µ3µ5PLC
eW∗
g1f1
ef1
νf2 G0
W−µ4
Z0µ5
+
2ig¯2√
g¯2 + g¯′2
Ug1f2σ
µ4µ5PLC
eW∗
g1f1
ef1
νf2 A
0
µ3
h
W−µ5
+
2g¯g¯′√
g¯2 + g¯′2
Ug1f2σ
µ3µ5PLC
eW∗
g1f1
ef1
νf2 h
W−µ4
Z0µ5
− 2g¯
2√
g¯2 + g¯′2
Ug1f2σ
µ4µ5PLC
eW∗
g1f1
ef1
ef2 A
0
µ3
G−
W+µ5
− 2
√
2g¯g¯′√
g¯2 + g¯′2
σµ3µ5PLC
eW∗
f2f1
39
ef1
ef2 G−
W+µ4
Z0µ5
+
2
√
2g¯2√
g¯2 + g¯′2
σµ4µ5PLC
eW∗
f2f1
A.6 Quark–gauge vertices
uf1
uf2
A0µ3
− 2ig¯g¯
′
3
√
g¯2 + g¯′2
δf1f2γ
µ3 +
2ig¯2g¯′2v2
3
(
g¯2 + g¯′2
)3/2 δf1f2CϕWBγµ3
−
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CuW∗f2f1 σ
µ3νPL + C
uW
f1f2σ
µ3νPR
)
−
√
2g¯v√
g¯2 + g¯′2
pν3
(
CuB∗f2f1σ
µ3νPL + C
uB
f1f2σ
µ3νPR
)
uf1
uf2
Z0µ3
+
i
6
√
g¯2 + g¯′2
δf1f2
((
g¯′2 − 3g¯2
)
γµ3PL + 4g¯
′2γµ3PR
)
− ig¯g¯
′v2
6
(
g¯2 + g¯′2
)3/2 δf1f2CϕWB ((3g¯′2 − g¯2) γµ3PL − 4g¯2γµ3PR)
−
√
2g¯v√
g¯2 + g¯′2
pν3
(
CuW∗f2f1 σ
µ3νPL + C
uW
f1f2σ
µ3νPR
)
+
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CuB∗f2f1σ
µ3νPL + C
uB
f1f2σ
µ3νPR
)
+
1
2
iv2
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ3PL
− 1
2
iv2
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ3PL
+
1
2
iv2
√
g¯2 + g¯′2Cϕuf1f2γ
µ3PR
df1
df2
A0µ3
+
ig¯g¯′
3
√
g¯2 + g¯′2
δf1f2γ
µ3 − ig¯
2g¯′2v2
3
(
g¯2 + g¯′2
)3/2 δf1f2CϕWBγµ3
+
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CdW∗f2f1 σ
µ3νPL + C
dW
f1f2σ
µ3νPR
)
−
√
2g¯v√
g¯2 + g¯′2
pν3
(
CdB∗f2f1σ
µ3νPL + C
dB
f1f2σ
µ3νPR
)
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df1
df2
Z0µ3
+
i
6
√
g¯2 + g¯′2
δf1f2
((
3g¯2 + g¯′2
)
γµ3PL − 2g¯′2γµ3PR
)
+
ig¯g¯′v2
6
(
g¯2 + g¯′2
)3/2 δf1f2CϕWB ((g¯2 + 3g¯′2) γµ3PL − 2g¯2γµ3PR)
+
√
2g¯v√
g¯2 + g¯′2
pν3
(
CdW∗f2f1 σ
µ3νPL + C
dW
f1f2σ
µ3νPR
)
+
√
2g¯′v√
g¯2 + g¯′2
pν3
(
CdB∗f2f1σ
µ3νPL + C
dB
f1f2σ
µ3νPR
)
+
1
2
iv2
√
g¯2 + g¯′2Cϕq1f1f2γ
µ3PL +
1
2
iv2
√
g¯2 + g¯′2Cϕq3f1f2γ
µ3PL
+
1
2
iv2
√
g¯2 + g¯′2Cϕdf1f2γ
µ3PR
uf1
df2
W+µ3
− ig¯√
2
Kf1f2γ
µ3PL − 2vpν3Kf1g1CdWg1f2σµ3νPR −
ig¯v2√
2
Kf1g1C
ϕq3
g1f2
γµ3PL
− ig¯v
2
2
√
2
Cϕudf1f2γ
µ3PR − 2vpν3Kg1f2σµ3νPLCuW∗g1f1
uf1
uf2
W+µ3
W−µ4
−
√
2g¯v
(
σµ3µ4PLC
uW∗
f2f1 + C
uW
f1f2σ
µ3µ4PR
)
uf1
df2
A0µ3
W+µ4
− 2g¯g¯
′v√
g¯2 + g¯′2
Kg1f2σ
µ3µ4PLC
uW∗
g1f1 −
2g¯g¯′v√
g¯2 + g¯′2
Kf1g1σ
µ3µ4PRC
dW
g1f2
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uf1
df2
W+µ3
Z0µ4
+
2g¯2v√
g¯2 + g¯′2
Kg1f2σ
µ3µ4PLC
uW∗
g1f1 +
2g¯2v√
g¯2 + g¯′2
Kf1g1σ
µ3µ4PRC
dW
g1f2
df1
df2
W+µ3
W−µ4
+
√
2g¯v
(
σµ3µ4PLC
dW∗
f2f1 + C
dW
f1f2σ
µ3µ4PR
)
A.7 Quark–Higgs–gauge vertices
df1
uf2
G−
− i
√
2
v
K∗f2f1
(
mdf1PL −muf2PR
)
− i
√
2v/p3PLK
∗
f2g1C
ϕq3
f1g1
− iv√
2
/p3PRC
ϕud∗
f2f1
df1
df2
G0
+
1
v
δf1f2mdf1γ
5 − v
4
δf1f2C
ϕDmdf1γ
5
− v/p3PLC
ϕq1
f1f2
− v/p3PLC
ϕq3
f1f2
− v/p3PRC
ϕd
f1f2
df1
df2
h
− i
v
δf1f2mdf1 − ivδf1f2C
ϕ2mdf1
+
iv
4
δf1f2C
ϕDmdf1 +
iv2√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
uf1
uf2
G0
−1
v
δf1f2muf1γ
5 +
v
4
δf1f2C
ϕDmuf1γ
5 − vKf1g2/p3PLK∗f2g1Cϕq1g2g1
+ vKf1g2/p3PLK
∗
f2g1C
ϕq3
g2g1 − v/p3PRC
ϕu
f1f2
42
uf1
uf2
h
− i
v
δf1f2muf1 − ivδf1f2C
ϕ2muf1
+
iv
4
δf1f2C
ϕDmuf1 +
iv2√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
uf1
df2
G+
h
+ivPRKf1g1C
dϕ
g1f2
− ivPLKg1f2Cuϕ∗g1f1
+ i
√
2Kf1g1
(
/p3PL − /p4PL
)
Cϕq3g1f2 +
i√
2
(
/p3PR − /p4PR
)
Cϕudf1f2
uf1
uf2
G0
G0
+
iv√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
uf1
uf2
G+
G−
+
iv√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
+ iKf1g2
(
/p3PL − /p4PL
)
K∗f2g1C
ϕq1
g2g1
+ iKf1g2
(
/p3PL − /p4PL
)
K∗f2g1C
ϕq3
g2g1 + i
(
/p3PR − /p4PR
)
Cϕuf1f2
uf1
uf2
G0
h
− v√
2
(
PLC
uϕ∗
f2f1
− PRCuϕf1f2
)
−Kf1g2
(
/p3PL − /p4PL
)
K∗f2g1C
ϕq1
g2g1
+Kf1g2
(
/p3PL − /p4PL
)
K∗f2g1C
ϕq3
g2g1 −
(
/p3PR − /p4PR
)
Cϕuf1f2
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uf1
uf2
h
h
+
3iv√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
df1
df2
G+
G−
+
iv√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
+ i
(
/p3PL − /p4PL
)
Cϕq1f1f2
− i
(
/p3PL − /p4PL
)
Cϕq3f1f2 + i
(
/p3PR − /p4PR
)
Cϕdf1f2
df1
df2
G0
G0
+
iv√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
df1
df2
G0
h
+
v√
2
(
PLC
dϕ∗
f2f1
− PRCdϕf1f2
)
−
(
/p3PL − /p4PL
)
Cϕq1f1f2
−
(
/p3PL − /p4PL
)
Cϕq3f1f2 −
(
/p3PR − /p4PR
)
Cϕdf1f2
df1
df2
h
h
+
3iv√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
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uf1
uf2
A0µ3
h
−
√
2g¯′√
g¯2 + g¯′2
pν3
(
CuW∗f2f1 σ
µ3νPL + C
uW
f1f2σ
µ3νPR
)
−
√
2g¯√
g¯2 + g¯′2
pν3
(
CuB∗f2f1σ
µ3νPL + C
uB
f1f2σ
µ3νPR
)
uf1
uf2
h
Z0µ4
−
√
2g¯√
g¯2 + g¯′2
pν4
(
CuW∗f2f1 σ
µ4νPL + C
uW
f1f2σ
µ4νPR
)
+
√
2g¯′√
g¯2 + g¯′2
pν4
(
CuB∗f2f1σ
µ4νPL + C
uB
f1f2σ
µ4νPR
)
+ iv
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ4PL
− iv
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ4PL + iv
√
g¯2 + g¯′2Cϕuf1f2γ
µ4PR
df1
df2
A0µ3
h
+
√
2g¯′√
g¯2 + g¯′2
pν3
(
CdW∗f2f1 σ
µ3νPL + C
dW
f1f2σ
µ3νPR
)
−
√
2g¯√
g¯2 + g¯′2
pν3
(
CdB∗f2f1σ
µ3νPL + C
dB
f1f2σ
µ3νPR
)
df1
df2
h
Z0µ4
+
√
2g¯√
g¯2 + g¯′2
pν4
(
CdW∗f2f1 σ
µ4νPL + C
dW
f1f2σ
µ4νPR
)
+
√
2g¯′√
g¯2 + g¯′2
pν4
(
CdB∗f2f1σ
µ4νPL +C
dB
f1f2σ
µ4νPR
)
+ iv
√
g¯2 + g¯′2Cϕq1f1f2γ
µ4PL + iv
√
g¯2 + g¯′2Cϕq3f1f2γ
µ4PL
+ iv
√
g¯2 + g¯′2Cϕdf1f2γ
µ4PR
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uf1
uf2
G−
W+µ4
+2
√
2pν4C
uW
f1f2σ
µ4νPR − ig¯vKf1g2K∗f2g1Cϕq1g2g1γµ4PL − ig¯vCϕuf1f2γµ4PR
df1
df2
G−
W+µ4
−2
√
2pν4C
dW∗
f2f1 σ
µ4νPL − ig¯vCϕq1f1f2γµ4PL − ig¯vC
ϕd
f1f2
γµ4PR
uf1
df2
G0
G+
−
√
2Kf1g1
(
/p3PL − /p4PL
)
Cϕq3g1f2 +
1√
2
(
/p3PR − /p4PR
)
Cϕudf1f2
df1
uf2
A0µ3
G−
− 2g¯
′√
g¯2 + g¯′2
pν3K
∗
g1f1C
uW
g1f2σ
µ3νPR +
2g¯√
g¯2 + g¯′2
pν3K
∗
g1f1C
uB
g1f2σ
µ3νPR
− 2g¯
′√
g¯2 + g¯′2
pν3K
∗
f2g1σ
µ3νPLC
dW∗
g1f1 −
2g¯√
g¯2 + g¯′2
pν3K
∗
f2g1σ
µ3νPLC
dB∗
g1f1
− i
√
2g¯g¯′v√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ3PL − ig¯g¯
′v√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ3PR
46
df1
uf2
G−
Z0µ4
− 2g¯√
g¯2 + g¯′2
pν4K
∗
g1f1C
uW
g1f2σ
µ4νPR − 2g¯
′√
g¯2 + g¯′2
pν4K
∗
g1f1C
uB
g1f2σ
µ4νPR
− 2g¯√
g¯2 + g¯′2
pν4K
∗
f2g1σ
µ4νPLC
dW∗
g1f1 +
2g¯′√
g¯2 + g¯′2
pν4K
∗
f2g1σ
µ4νPLC
dB∗
g1f1
+
i
√
2g¯′2v√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ4PL − ig¯
2v√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ4PR
uf1
df2
h
W+µ4
−2pν4Kg1f2σµ4νPLCuW∗g1f1 − 2pν4Kf1g1CdWg1f2σµ4νPR
− i
√
2g¯vKf1g1C
ϕq3
g1f2
γµ4PL − ig¯v√
2
Cϕudf1f2γ
µ4PR
df1
uf2
G0
W−µ4
+2ipν4K
∗
g1f1C
uW
g1f2σ
µ4νPR + 2ip
ν
4K
∗
f2g1σ
µ4νPLC
dW∗
g1f1 −
g¯v√
2
Cϕud∗f2f1 γ
µ4PR
uf1
uf2
A0µ3
G0
− i
√
2g¯′√
g¯2 + g¯′2
pν3
(
CuW∗f2f1 σ
µ3νPL − CuWf1f2σµ3νPR
)
− i
√
2g¯√
g¯2 + g¯′2
pν3
(
CuB∗f2f1σ
µ3νPL − CuBf1f2σµ3νPR
)
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uf1
uf2
G0
Z0µ4
− i
√
2g¯√
g¯2 + g¯′2
pν4
(
CuW∗f2f1 σ
µ4νPL − CuWf1f2σµ4νPR
)
+
i
√
2g¯′√
g¯2 + g¯′2
pν4
(
CuB∗f2f1σ
µ4νPL − CuBf1f2σµ4νPR
)
df1
df2
A0µ3
G0
− i
√
2g¯′√
g¯2 + g¯′2
pν3
(
CdW∗f2f1 σ
µ3νPL − CdWf1f2σµ3νPR
)
+
i
√
2g¯√
g¯2 + g¯′2
pν3
(
CdB∗f2f1σ
µ3νPL − CdBf1f2σµ3νPR
)
df1
df2
G0
Z0µ4
− i
√
2g¯√
g¯2 + g¯′2
pν4
(
CdW∗f2f1 σ
µ4νPL − CdWf1f2σµ4νPR
)
− i
√
2g¯′√
g¯2 + g¯′2
pν4
(
CdB∗f2f1σ
µ4νPL − CdBf1f2σµ4νPR
)
uf1
df2 G0
G0
G+
+iPRKf1g1C
dϕ
g1f2
− iPLKg1f2Cuϕ∗g1f1
48
uf1
df2 G+
G+
G−
+2iPRKf1g1C
dϕ
g1f2
− 2iPLKg1f2Cuϕ∗g1f1
uf1
df2 G+
h
h
+iPRKf1g1C
dϕ
g1f2
− iPLKg1f2Cuϕ∗g1f1
uf1
uf2 G0
G0
G0
− 3√
2
(
PLC
uϕ∗
f2f1
− PRCuϕf1f2
)
uf1
uf2 G0
G+
G−
− 1√
2
(
PLC
uϕ∗
f2f1
− PRCuϕf1f2
)
uf1
uf2 G0
G0
h
+
i√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
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uf1
uf2 G+
G−
h
+
i√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
uf1
uf2 G0
h
h
− 1√
2
(
PLC
uϕ∗
f2f1
− PRCuϕf1f2
)
uf1
uf2 h
h
h
+
3i√
2
(
PLC
uϕ∗
f2f1
+ PRC
uϕ
f1f2
)
df1
df2 G0
G+
G−
+
1√
2
(
PLC
dϕ∗
f2f1
− PRCdϕf1f2
)
df1
df2 G+
G−
h
+
i√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
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df1
df2 G0
G0
G0
+
3√
2
(
PLC
dϕ∗
f2f1
− PRCdϕf1f2
)
df1
df2 G0
G0
h
+
i√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
df1
df2 G0
h
h
+
1√
2
(
PLC
dϕ∗
f2f1
− PRCdϕf1f2
)
df1
df2 h
h
h
+
3i√
2
(
PLC
dϕ∗
f2f1
+ PRC
dϕ
f1f2
)
uf1
uf2 A
0
µ3
G+
G−
− 2ig¯g¯
′√
g¯2 + g¯′2
Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ3PL
− 2ig¯g¯
′√
g¯2 + g¯′2
Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ3PL − 2ig¯g¯
′√
g¯2 + g¯′2
Cϕuf1f2γ
µ3PR
51
uf1
uf2 G+
G−
Z0µ5
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ5PL
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ5PL +
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕuf1f2γ
µ5PR
df1
df2 A
0
µ3
G+
G−
− 2ig¯g¯
′√
g¯2 + g¯′2
Cϕq1f1f2γ
µ3PL +
2ig¯g¯′√
g¯2 + g¯′2
Cϕq3f1f2γ
µ3PL − 2ig¯g¯
′√
g¯2 + g¯′2
Cϕdf1f2γ
µ3PR
df1
df2 G+
G−
Z0µ5
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕq1f1f2γ
µ5PL −
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕq3f1f2γ
µ5PL
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
Cϕdf1f2γ
µ5PR
uf1
uf2 G0
G0
Z0µ5
+i
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ5PL
− i
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ5PL + i
√
g¯2 + g¯′2Cϕuf1f2γ
µ5PR
52
uf1
uf2 h
h
Z0µ5
+i
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ5PL
− i
√
g¯2 + g¯′2Kf1g2K
∗
f2g1C
ϕq3
g2g1γ
µ5PL + i
√
g¯2 + g¯′2Cϕuf1f2γ
µ5PR
df1
df2 G0
G0
Z0µ5
+i
√
g¯2 + g¯′2Cϕq1f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕq3f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕdf1f2γ
µ5PR
df1
df2 h
h
Z0µ5
+i
√
g¯2 + g¯′2Cϕq1f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕq3f1f2γ
µ5PL + i
√
g¯2 + g¯′2Cϕdf1f2γ
µ5PR
uf1
uf2 G0
G−
W+µ5
+g¯Kf1g2K
∗
f2g1C
ϕq1
g2g1γ
µ5PL + g¯C
ϕu
f1f2
γµ5PR
uf1
uf2 G−
h
W+µ5
−ig¯Kf1g2K∗f2g1Cϕq1g2g1γµ5PL − ig¯Cϕuf1f2γµ5PR
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df1
df2 G0
G−
W+µ5
+g¯Cϕq1f1f2γ
µ5PL + g¯C
ϕd
f1f2
γµ5PR
df1
df2 G−
h
W+µ5
−ig¯Cϕq1f1f2γµ5PL − ig¯C
ϕd
f1f2
γµ5PR
df1
uf2 A
0
µ3
G0
G−
+
√
2g¯g¯′√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ3PL − g¯g¯
′
√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ3PR
df1
uf2 A
0
µ3
G−
h
− i
√
2g¯g¯′√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ3PL − ig¯g¯
′
√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ3PR
df1
uf2 G0
G−
Z0µ5
−
√
2g¯′2√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ5PL − g¯
2
√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ5PR
54
df1
uf2 G−
h
Z0µ5
+
i
√
2g¯′2√
g¯2 + g¯′2
K∗f2g1C
ϕq3
f1g1
γµ5PL − ig¯
2
√
2
√
g¯2 + g¯′2
Cϕud∗f2f1 γ
µ5PR
uf1
df2 G+
G−
W+µ5
−i
√
2g¯Kf1g1C
ϕq3
g1f2
γµ5PL
uf1
df2 G0
G0
W+µ5
−i
√
2g¯Kf1g1C
ϕq3
g1f2
γµ5PL +
ig¯√
2
Cϕudf1f2γ
µ5PR
uf1
df2 h
h
W+µ5
−i
√
2g¯Kf1g1C
ϕq3
g1f2
γµ5PL − ig¯√
2
Cϕudf1f2γ
µ5PR
df1
uf2 G0
h
W−µ5
− g¯√
2
Cϕud∗f2f1 γ
µ5PR
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uf1
uf2 G0
W+µ4
W−µ5
−i
√
2g¯
(
σµ4µ5PLC
uW∗
f2f1 − CuWf1f2σµ4µ5PR
)
uf1
uf2 h
W+µ4
W−µ5
−
√
2g¯
(
σµ4µ5PLC
uW∗
f2f1 + C
uW
f1f2σ
µ4µ5PR
)
uf1
df2 G+
W+µ4
W−µ5
−2g¯Kg1f2σµ4µ5PLCuW∗g1f1 − 2g¯Kf1g1σµ4µ5PRCdWg1f2
uf1
uf2 A
0
µ3
G+
W−µ5
− 2
√
2g¯g¯′√
g¯2 + g¯′2
σµ3µ5PLC
uW∗
f2f1
uf1
uf2 G+
W−µ4
Z0µ5
+
2
√
2g¯2√
g¯2 + g¯′2
σµ4µ5PLC
uW∗
f2f1
56
uf1
df2 A
0
µ3
G0
W+µ5
− 2ig¯g¯
′√
g¯2 + g¯′2
Kg1f2σ
µ3µ5PLC
uW∗
g1f1 −
2ig¯g¯′√
g¯2 + g¯′2
Kf1g1σ
µ3µ5PRC
dW
g1f2
uf1
df2 G0
W+µ4
Z0µ5
+
2ig¯2√
g¯2 + g¯′2
Kg1f2σ
µ4µ5PLC
uW∗
g1f1 +
2ig¯2√
g¯2 + g¯′2
Kf1g1σ
µ4µ5PRC
dW
g1f2
uf1
df2 A
0
µ3
h
W+µ5
− 2g¯g¯
′√
g¯2 + g¯′2
Kg1f2σ
µ3µ5PLC
uW∗
g1f1 −
2g¯g¯′√
g¯2 + g¯′2
Kf1g1σ
µ3µ5PRC
dW
g1f2
uf1
df2 h
W+µ4
Z0µ5
+
2g¯2√
g¯2 + g¯′2
Kg1f2σ
µ4µ5PLC
uW∗
g1f1 +
2g¯2√
g¯2 + g¯′2
Kf1g1σ
µ4µ5PRC
dW
g1f2
df1
df2 G0
W+µ4
W−µ5
−i
√
2g¯
(
σµ4µ5PLC
dW∗
f2f1 − CdWf1f2σµ4µ5PR
)
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df1
df2 h
W+µ4
W−µ5
+
√
2g¯
(
σµ4µ5PLC
dW∗
f2f1 + C
dW
f1f2σ
µ4µ5PR
)
df1
df2 A
0
µ3
G−
W+µ5
− 2
√
2g¯g¯′√
g¯2 + g¯′2
σµ3µ5PLC
dW∗
f2f1
df1
df2 G−
W+µ4
Z0µ5
+
2
√
2g¯2√
g¯2 + g¯′2
σµ4µ5PLC
dW∗
f2f1
A.8 Quark-gluon vertices
uf1m1
uf2m2
ga3µ3
−ig¯sδf1f2T a3m1m2γµ3 −
√
2vpν3T a3m1m2
(
CuG∗f2f1σ
µ3νPL + C
uG
f1f2σ
µ3νPR
)
df1m1
df2m2
ga3µ3
−ig¯sδf1f2T a3m1m2γµ3 −
√
2vpν3T a3m1m2
(
CdG∗f2f1σ
µ3νPL + C
dG
f1f2σ
µ3νPR
)
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uf1m1
df2m2
ga3µ3
G+
+2pν3T a3m1m2Kg1f2σµ3νPLCuG∗g1f1 − 2pν3T a3m1m2Kf1g1CdGg1f2σµ3νPR
uf1m1
uf2m2
ga3µ3
G0
−i
√
2pν3T a3m1m2
(
CuG∗f2f1σ
µ3νPL − CuGf1f2σµ3νPR
)
uf1m1
uf2m2
ga3µ3
h
−
√
2pν3T a3m1m2
(
CuG∗f2f1σ
µ3νPL +C
uG
f1f2σ
µ3νPR
)
uf1m1
uf2m2
ga3µ3
ga4µ4
−i
√
2vg¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
uG∗
f2f1 + C
uG
f1f2σ
µ3µ4PR
)
df1m1
df2m2
ga3µ3
G0
+i
√
2pν3T a3m1m2
(
CdG∗f2f1σ
µ3νPL − CdGf1f2σµ3νPR
)
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df1m1
df2m2
ga3µ3
h
−
√
2pν3T a3m1m2
(
CdG∗f2f1σ
µ3νPL + C
dG
f1f2σ
µ3νPR
)
df1m1
df2m2
ga3µ3
ga4µ4
−i
√
2vg¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
dG∗
f2f1 + C
dG
f1f2σ
µ3µ4PR
)
uf1m1
df2m2 g
a3
µ3
ga4µ4
G+
+2ig¯sfa3a4b1Kg1f2T b1m1m2σµ3µ4PLCuG∗g1f1
− 2ig¯sfa3a4b1Kf1g1T b1m1m2σµ3µ4PRCdGg1f2
uf1m1
uf2m2 g
a3
µ3
ga4µ4
G0
+
√
2g¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
uG∗
f2f1 − CuGf1f2σµ3µ4PR
)
uf1m1
uf2m2 g
a3
µ3
ga4µ4
h
−i
√
2g¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
uG∗
f2f1 + C
uG
f1f2σ
µ3µ4PR
)
60
df1m1
df2m2 g
a3
µ3
ga4µ4
G0
−
√
2g¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
dG∗
f2f1 − CdGf1f2σµ3µ4PR
)
df1m1
df2m2 g
a3
µ3
ga4µ4
h
−i
√
2g¯sfa3a4b1T b1m1m2
(
σµ3µ4PLC
dG∗
f2f1 + C
dG
f1f2σ
µ3µ4PR
)
A.9 Higgs-gauge vertices
G0
G0
h
−iλv + 3iv3Cϕ − ivCϕ2 (p1 · p1 + 2p1 · p2 + p2 · p2 + p3 · p3 + λv2)
+
iv
4
CϕD
(
3λv2 − 4p1 · p2
)
G+
G−
h
−iλv + 3iv3Cϕ − ivCϕ2 (p1 · p1 + 2p1 · p2 + p2 · p2 + p3 · p3 + λv2)
+
iv
4
CϕD
(
λv2 − 2(p1 · p3 + p2 · p3)
)
h
h
h
−3iλv + 15iv3Cϕ
− ivCϕ2 (3p1 ·p1+2p1 ·p2+2p1 ·p3+3p2 ·p2+2p2 ·p3+3p3 ·p3+9λv2)
+
iv
4
CϕD
(
9λv2 − 4(p1 · p2 + p1 · p3 + p2 · p3)
)
A0µ1
G+
G−
− ig¯g¯
′√
g¯2 + g¯′2
(pµ12 − pµ13 ) +
ig¯2g¯′2v2(
g¯2 + g¯′2
)3/2CϕWB (pµ12 − pµ13 )
61
G0
G+
G−
−v
2
(p1 · p2 − p1 · p3)CϕD
A0µ1
A0µ2
h
+
4ig¯′2v
g¯2 + g¯′2
CϕW (pµ21 p
µ1
2 − p1 · p2ηµ1µ2)
+
4ig¯2v
g¯2 + g¯′2
CϕB (pµ21 p
µ1
2 − p1 · p2ηµ1µ2)
− 4ig¯g¯
′v
g¯2 + g¯′2
CϕWB (pµ21 p
µ1
2 − p1 · p2ηµ1µ2)
+
4ig¯′2v
g¯2 + g¯′2
CϕW˜pα11 p
β1
2 ǫµ1µ2α1β1 +
4ig¯2v
g¯2 + g¯′2
CϕB˜pα11 p
β1
2 ǫµ1µ2α1β1
− 4ig¯g¯
′v
g¯2 + g¯′2
CϕW˜Bpα11 p
β1
2 ǫµ1µ2α1β1
A0µ1
G−
W+µ3
+
ig¯2g¯′v
2
√
g¯2 + g¯′2
ηµ1µ3
− ig¯v
2
(
g¯2 + g¯′2
)3/2CϕWB (ηµ1µ3 (g¯′2 (4p1 · p3 + g¯2v2)+ 4g¯2p1 · p3)
− 4
(
g¯2 + g¯′2
)
pµ31 p
µ1
3
)
+
2ig¯v√
g¯2 + g¯′2
CϕW˜Bpα11 p
β1
3 ǫµ1µ3α1β1
h
W+µ2
W−µ3
+
1
2
ig¯2vηµ2µ3 +
1
2
ig¯2v3ηµ2µ3C
ϕ2 − 1
8
ig¯2v3ηµ2µ3C
ϕD
+ 4ivCϕW (pµ32 p
µ2
3 − p2 · p3ηµ2µ3) + 4ivCϕW˜ pα12 pβ13 ǫµ2µ3α1β1
A0µ1
h
Z0µ3
+
4ig¯g¯′v
g¯2 + g¯′2
CϕW (pµ31 p
µ1
3 − p1 · p3ηµ1µ3)
− 4ig¯g¯
′v
g¯2 + g¯′2
CϕB (pµ31 p
µ1
3 − p1 · p3ηµ1µ3)
+
2iv
(
g¯′2 − g¯2
)
g¯2 + g¯′2
CϕWB (pµ31 p
µ1
3 − p1 · p3ηµ1µ3)
+
4ig¯g¯′v
g¯2 + g¯′2
CϕW˜pα11 p
β1
3 ǫµ1µ3α1β1 −
4ig¯g¯′v
g¯2 + g¯′2
CϕB˜pα11 p
β1
3 ǫµ1µ3α1β1
+
2iv
(
g¯′2 − g¯2
)
g¯2 + g¯′2
CϕW˜Bpα11 p
β1
3 ǫµ1µ3α1β1
62
G−
W+µ2
Z0µ3
− ig¯g¯
′2v
2
√
g¯2 + g¯′2
ηµ2µ3 −
1
4
ig¯v3
√
g¯2 + g¯′2ηµ2µ3C
ϕD
− ig¯
′v
2
(
g¯2 + g¯′2
)3/2CϕWB (ηµ2µ3 (−4g¯2p2 · p3 − 4g¯′2p2 · p3 + g¯4v2)
+ 4
(
g¯2 + g¯′2
)
pµ32 p
µ2
3
)
− 2ig¯
′v√
g¯2 + g¯′2
CϕW˜Bpα12 p
β1
3 ǫµ2µ3α1β1
h
Z0µ2
Z0µ3
+
iv
2
(
g¯2 + g¯′2
)
ηµ2µ3 +
iv3
2
(
g¯2 + g¯′2
)
ηµ2µ3C
ϕ2
+
3iv3
8
(
g¯2+ g¯′2
)
ηµ2µ3C
ϕD+
4ig¯2v
g¯2 + g¯′2
CϕW (pµ32 p
µ2
3 −p2 ·p3ηµ2µ3)
+
4ig¯′2v
g¯2 + g¯′2
CϕB (pµ32 p
µ2
3 − p2 · p3ηµ2µ3)
+
ig¯g¯′v
g¯2 + g¯′2
CϕWB
(
ηµ2µ3
(
−4p2 · p3 + g¯2v2 + g¯′2v2
)
+ 4pµ32 p
µ2
3
)
+
4ig¯2v
g¯2 + g¯′2
CϕW˜pα12 p
β1
3 ǫµ2µ3α1β1 +
4ig¯′2v
g¯2 + g¯′2
CϕB˜pα12 p
β1
3 ǫµ2µ3α1β1
+
4ig¯g¯′v
g¯2 + g¯′2
CϕW˜Bpα12 p
β1
3 ǫµ2µ3α1β1
G0
G−
W+µ3
+
g¯
2
(pµ31 − pµ32 ) +
g¯v2
8
CϕD (3pµ31 + p
µ3
2 )
G−
h
W+µ3
+
ig¯
2
(pµ31 − pµ32 ) +
1
2
ig¯v2Cϕ2 (pµ31 − pµ32 )−
1
8
ig¯v2CϕD (pµ31 − pµ32 )
G0
h
Z0µ3
−1
2
√
g¯2 + g¯′2 (pµ31 − pµ32 )−
1
2
v2
√
g¯2 + g¯′2Cϕ2 (pµ31 − pµ32 )
− 1
2
v2
√
g¯2 + g¯′2CϕDpµ31 −
g¯g¯′v2
2
√
g¯2 + g¯′2
CϕWB (pµ31 − pµ32 )
63
G+
G−
Z0µ3
+
i
(
g¯′2 − g¯2
)
2
√
g¯2 + g¯′2
(pµ31 − pµ32 ) +
1
4
iv2
√
g¯2 + g¯′2CϕD (pµ31 − pµ32 )
−
ig¯g¯′v2
(
g¯′2 − g¯2
)
2
(
g¯2 + g¯′2
)3/2 CϕWB (pµ31 − pµ32 )
G0
G0
G0
G0
−3iλ+ 9iv2Cϕ − i(3p1 · p1 + 2p1 · p2 + 2p1 · p3 + 2p1 · p4
+ 3p2 · p2 + 2p2 · p3 + 2p2 · p4 + 3p3 · p3 + 2p3 · p4 + 3p4 · p4)Cϕ2
+ iCϕD
(−p1 · p2 − p1 · p3 − p1 · p4 − p2 · p3 − p2 · p4 − p3 · p4+ 3λv2)
G0
G0
G+
G−
−iλ+3iv2Cϕ− i(p1 ·p1+2p1 ·p2+p2 ·p2+p3 ·p3+2p3 ·p4+p4 ·p4)Cϕ2
+
i
2
CϕD
(−p1 · p3 − p1 · p4 − p2 · p3 − p2 · p4 + λv2)
G+
G+
G−
G−
−2iλ+ 6iv2Cϕ
−2i(p1 ·p1+p1 ·p3+p1 ·p4+p2 ·p2+p2 ·p3+p2 ·p4+p3 ·p3+p4 ·p4)Cϕ2
− i(p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)CϕD
G0
G0
h
h
−iλ+ 9iv2Cϕ
− iCϕ2 (p1 · p1 + 2p1 · p2 + p2 · p2 + p3 · p3 + 2p3 · p4 + p4 · p4 + 2λv2)
+ iCϕD
(−p1 · p2 − p3 · p4 + λv2)
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G+
G−
h
h
−iλ+ 9iv2Cϕ
− iCϕ2 (p1 · p1 + 2p1 · p2 + p2 · p2 + p3 · p3 + 2p3 · p4 + p4 · p4 + 2λv2)
+
i
2
CϕD
(−p1 · p3 − p1 · p4 − p2 · p3 − p2 · p4 + λv2)
h
h
h
h
−3iλ+ 45iv2Cϕ − iCϕ2 (3p1 · p1 + 2p1 · p2 + 2p1 · p3 + 2p1 · p4
+ 3p2 · p2 + 2p2 · p3 + 2p2 · p4 + 3p3 · p3 + 2p3 · p4 + 3p4 · p4 + 12λv2
)
+ iCϕD
(−p1 · p2 − p1 · p3 − p1 · p4 − p2 · p3 − p2 · p4 − p3 · p4+ 3λv2)
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2ig¯g¯′√
g¯2 + g¯′2
CϕWB (ηµ3µ5p
µ4
5 − ηµ4µ5pµ35 )
− 4ig¯
2√
g¯2 + g¯′2
CϕW˜ (pα13 + p
α1
4 + p
α1
5 ) ǫµ5µ3µ4α1
− 2ig¯g¯
′√
g¯2 + g¯′2
CϕW˜Bpα15 ǫµ5µ3µ4α1
A0µ1
A0µ2 h
W+µ4
W−µ5
−4ig¯
2g¯′2v
g¯2 + g¯′2
(ηµ1µ5ηµ2µ4 + ηµ1µ4ηµ2µ5 − 2ηµ1µ2ηµ4µ5)CϕW
h
W+µ2 W
+
µ3
W−µ4
W−µ5
+4ig¯2v (ηµ2µ5ηµ3µ4 + ηµ2µ4ηµ3µ5 − 2ηµ2µ3ηµ4µ5)CϕW
79
G0
G− W+µ3
Z0µ4
Z0µ5
+
2g¯2g¯′
g¯2 + g¯′2
CϕWB (ηµ3µ4p
µ5
4 + ηµ3µ5p
µ4
5 − ηµ4µ5 (pµ34 + pµ35 ))
+
2g¯2g¯′
g¯2 + g¯′2
CϕW˜B (pα14 − pα15 ) ǫµ4µ3µ5α1
G−
h W
+
µ3
Z0µ4
Z0µ5
− 2ig¯
2g¯′
g¯2 + g¯′2
CϕWB (ηµ3µ4p
µ5
4 + ηµ3µ5p
µ4
5 − ηµ4µ5 (pµ34 + pµ35 ))
− 2ig¯
2g¯′
g¯2 + g¯′2
CϕW˜B (pα14 − pα15 ) ǫµ4µ3µ5α1
A0µ1
h W
+
µ3
W−µ4
Z0µ5
+
4ig¯3g¯′v
g¯2 + g¯′2
(2ηµ1µ5ηµ3µ4 − ηµ1µ4ηµ3µ5 − ηµ1µ3ηµ4µ5)CϕW
A0µ1
G+ G−
h
Z0µ5
−ig¯g¯′vηµ1µ5CϕD
G0
G0 G0
h
Z0µ5
−1
2
√
g¯2 + g¯′2CϕD (pµ51 + p
µ5
2 + p
µ5
3 − 3pµ54 )
80
G0
G+ G−
h
Z0µ5
− g¯
′2 − g¯2
2
√
g¯2 + g¯′2
CϕD (pµ51 − pµ54 )
G0
h h
h
Z0µ5
−1
2
√
g¯2 + g¯′2CϕD (3pµ51 − pµ52 − pµ53 − pµ54 )
G0
G0 G+
G−
Z0µ5
+
1
2
i
√
g¯2 + g¯′2CϕD (pµ53 − pµ54 )
G+
G+ G−
G−
Z0µ5
+
i
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
CϕD (pµ51 + p
µ5
2 − pµ53 − pµ54 )
G+
G− h
h
Z0µ5
+
1
2
i
√
g¯2 + g¯′2CϕD (pµ51 − pµ52 )
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G0
G0 G−
W+µ4
Z0µ5
−1
2
ig¯v
√
g¯2 + g¯′2ηµ4µ5C
ϕD
G+
G− G−
W+µ4
Z0µ5
−
ig¯v
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
ηµ4µ5C
ϕD
G0
G− h
W+µ4
Z0µ5
+
1
2
g¯v
√
g¯2 + g¯′2ηµ4µ5C
ϕD
G−
h h
W+µ4
Z0µ5
−3
2
ig¯v
√
g¯2 + g¯′2ηµ4µ5C
ϕD
h
W+µ2 W
−
µ3
Z0µ4
Z0µ5
− 4ig¯
4v
g¯2 + g¯′2
(ηµ2µ5ηµ3µ4 + ηµ2µ4ηµ3µ5 − 2ηµ2µ3ηµ4µ5)CϕW
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G0
G0 h
Z0µ4
Z0µ5
+iv
(
g¯2 + g¯′2
)
ηµ4µ5C
ϕD
G+
G− h
Z0µ4
Z0µ5
+iv
(
g¯′2 − g¯2
)
ηµ4µ5C
ϕD
h
h h
Z0µ4
Z0µ5
+3iv
(
g¯2 + g¯′2
)
ηµ4µ5C
ϕD
G0
G0 G0
G0
G0 G0
+90iCϕ
G0
G0 G0
G0
G+ G−
+18iCϕ
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G0
G0 G+
G+
G− G−
+12iCϕ
G+
G+ G+
G−
G− G−
+36iCϕ
G0
G0 G0
G0
h h
+18iCϕ
G0
G0 G+
G−
h h
+6iCϕ
G+
G+ G−
G−
h h
+12iCϕ
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G0
G0 h
h
h h
+18iCϕ
G+
G− h
h
h h
+18iCϕ
h
h h
h
h h
+90iCϕ
A0µ1
A0µ2 G
+
G+
G− G−
+
8ig¯2g¯′2
g¯2 + g¯′2
ηµ1µ2C
ϕD
A0µ1
G0 G+
G−
G− W+µ6
− 2g¯
2g¯′√
g¯2 + g¯′2
ηµ1µ6C
ϕD
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A0µ1
G+ G−
G−
h W
+
µ6
+
2ig¯2g¯′√
g¯2 + g¯′2
ηµ1µ6C
ϕD
G0
G0 G−
G−
W+µ5 W
+
µ6
−2ig¯2ηµ5µ6CϕD
G0
G− G−
h
W+µ5 W
+
µ6
−2g¯2ηµ5µ6CϕD
G−
G− h
h
W+µ5 W
+
µ6
+2ig¯2ηµ5µ6C
ϕD
A0µ1
A0µ2 G
0
G0
W+µ5 W
−
µ6
− 4ig¯
2g¯′2
g¯2 + g¯′2
(ηµ1µ6ηµ2µ5 + ηµ1µ5ηµ2µ6 − 2ηµ1µ2ηµ5µ6)CϕW
86
A0µ1
A0µ2 G
+
G−
W+µ5 W
−
µ6
− 4ig¯
2g¯′2
g¯2 + g¯′2
(ηµ1µ6ηµ2µ5 + ηµ1µ5ηµ2µ6 − 2ηµ1µ2ηµ5µ6)CϕW
A0µ1
A0µ2 h
h
W+µ5 W
−
µ6
− 4ig¯
2g¯′2
g¯2 + g¯′2
(ηµ1µ6ηµ2µ5 + ηµ1µ5ηµ2µ6 − 2ηµ1µ2ηµ5µ6)CϕW
G0
G0 W
+
µ3
W+µ4
W−µ5 W
−
µ6
+4ig¯2 (ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
G+
G− W+µ3
W+µ4
W−µ5 W
−
µ6
+4ig¯2 (ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
h
h W
+
µ3
W+µ4
W−µ5 W
−
µ6
+4ig¯2 (ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
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A0µ1
G0 G0
W+µ4
W−µ5 Z
0
µ6
+
4ig¯3g¯′
g¯2 + g¯′2
(2ηµ1µ6ηµ4µ5 − ηµ1µ5ηµ4µ6 − ηµ1µ4ηµ5µ6)CϕW
A0µ1
G+ G−
W+µ4
W−µ5 Z
0
µ6
+
4ig¯3g¯′
g¯2 + g¯′2
(2ηµ1µ6ηµ4µ5 − ηµ1µ5ηµ4µ6 − ηµ1µ4ηµ5µ6)CϕW
A0µ1
h h
W+µ4
W−µ5 Z
0
µ6
+
4ig¯3g¯′
g¯2 + g¯′2
(2ηµ1µ6ηµ4µ5 − ηµ1µ5ηµ4µ6 − ηµ1µ4ηµ5µ6)CϕW
A0µ1
G0 G0
G+
G− Z0µ6
−ig¯g¯′ηµ1µ6CϕD
A0µ1
G+ G+
G−
G− Z0µ6
−
4ig¯g¯′
(
g¯′2 − g¯2
)
g¯2 + g¯′2
ηµ1µ6C
ϕD
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A0µ1
G+ G−
h
h Z0µ6
−ig¯g¯′ηµ1µ6CϕD
G0
G0 G0
G−
W+µ5 Z
0
µ6
+
3
2
g¯
√
g¯2 + g¯′2ηµ5µ6C
ϕD
G0
G+ G−
G−
W+µ5 Z
0
µ6
+
g¯
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
ηµ5µ6C
ϕD
G0
G0 G−
h
W+µ5 Z
0
µ6
−1
2
ig¯
√
g¯2 + g¯′2ηµ5µ6C
ϕD
G+
G− G−
h
W+µ5 Z
0
µ6
−
ig¯
(
g¯′2 − g¯2
)
√
g¯2 + g¯′2
ηµ5µ6C
ϕD
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G0
G− h
h
W+µ5 Z
0
µ6
+
1
2
g¯
√
g¯2 + g¯′2ηµ5µ6C
ϕD
G−
h h
h
W+µ5 Z
0
µ6
−3
2
ig¯
√
g¯2 + g¯′2ηµ5µ6C
ϕD
G0
G0 W
+
µ3
W−µ4
Z0µ5 Z
0
µ6
− 4ig¯
4
g¯2 + g¯′2
(ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
G+
G− W+µ3
W−µ4
Z0µ5 Z
0
µ6
− 4ig¯
4
g¯2 + g¯′2
(ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
h
h W
+
µ3
W−µ4
Z0µ5 Z
0
µ6
− 4ig¯
4
g¯2 + g¯′2
(ηµ3µ6ηµ4µ5 + ηµ3µ5ηµ4µ6 − 2ηµ3µ4ηµ5µ6)CϕW
90
G0
G0 G0
G0
Z0µ5 Z
0
µ6
+3i
(
g¯2 + g¯′2
)
ηµ5µ6C
ϕD
G0
G0 G+
G−
Z0µ5 Z
0
µ6
+i
(
g¯′2 − g¯2
)
ηµ5µ6C
ϕD
G+
G+ G−
G−
Z0µ5 Z
0
µ6
+
2i
(
g¯′2 − g¯2
)2
g¯2 + g¯′2
ηµ5µ6C
ϕD
G0
G0 h
h
Z0µ5 Z
0
µ6
+i
(
g¯2 + g¯′2
)
ηµ5µ6C
ϕD
G+
G− h
h
Z0µ5 Z
0
µ6
+i
(
g¯′2 − g¯2
)
ηµ5µ6C
ϕD
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hh h
h
Z0µ5 Z
0
µ6
+3i
(
g¯2 + g¯′2
)
ηµ5µ6C
ϕD
A.10 Gauge-gauge vertices
A0µ1
W+µ2
W−µ3
+
ig¯g¯′√
g¯2 + g¯′2
(ηµ1µ2(p1 − p2)µ3 + ηµ2µ3(p2 − p3)µ1 + ηµ3µ1(p3 − p1)µ2)
− 6ig¯
′√
g¯2 + g¯′2
CW (pµ13 p
µ2
1 p
µ3
2 − pµ12 pµ23 pµ31 + ηµ1µ2 (pµ31 p2 · p3 − pµ32 p1 · p3)
+ηµ2µ3 (p
µ1
2 p1 · p3 − pµ13 p1 · p2) + ηµ3µ1 (pµ23 p1 · p2 − pµ21 p2 · p3))
+
ig¯2v2(
g¯2 + g¯′2
)3/2CϕWB (ηµ1µ2(g¯2pµ31 + g¯′2pµ32 ) + ηµ2µ3(g¯′2pµ13 − g¯′2pµ12 )
+ ηµ3µ1(−g¯′2pµ23 − g¯2pµ21 )
)
− 2ig¯
′√
g¯2 + g¯′2
CW˜
(
ǫµ1µ2µ3α1 (p
α1
1 p2 · p3 + pα12 p1 · p3 + pα13 p1 · p2)
+ ǫµ1µ2α1β1(p1 − p2)µ3pα11 pβ12 + ǫµ2µ3α1β1(p2 − p3)µ1pα12 pβ13
+ ǫµ3µ1α1β1(p3 − p1)µ2pα13 pβ11
)
+
ig¯2v2√
g¯2 + g¯′2
CϕW˜Bǫµ1µ2µ3α1p
α1
1
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W+µ1
W−µ2
Z0µ3
+
ig¯2√
g¯2 + g¯′2
(ηµ1µ2(p1 − p2)µ3 + ηµ2µ3(p2 − p3)µ1 + ηµ3µ1(p3 − p1)µ2)
− 6ig¯√
g¯2 + g¯′2
CW (pµ13 p
µ2
1 p
µ3
2 − pµ12 pµ23 pµ31 + ηµ1µ2 (pµ31 p2 · p3 − pµ32 p1 · p3)
+ηµ2µ3 (p
µ1
2 p1 · p3 − pµ13 p1 · p2) + ηµ3µ1 (pµ23 p1 · p2 − pµ21 p2 · p3))
+
ig¯g¯′v2(
g¯2 + g¯′2
)3/2CϕWB (ηµ1µ2(g¯′2pµ31 − g¯′2pµ32 ) + ηµ2µ3(g¯′2pµ12 + g¯2pµ13 )
+ ηµ3µ1(−g¯2pµ23 − g¯′2pµ21 )
)
− 2ig¯√
g¯2 + g¯′2
CW˜
(
ǫµ1µ2µ3α1 (p
α1
1 p2 · p3 + pα12 p1 · p3 + pα13 p1 · p2)
+ ǫµ1µ2α1β1(p1 − p2)µ3pα11 pβ12 + ǫµ2µ3α1β1(p2 − p3)µ1pα12 pβ13
+ ǫµ3µ1α1β1(p3 − p1)µ2pα13 pβ11
)
− ig¯g¯
′v2√
g¯2 + g¯′2
CϕW˜Bǫµ1µ2µ3α1p
α1
3
A0µ1
A0µ2
W+µ3
W−µ4
+
ig¯2g¯′2
g¯2 + g¯′2
(ηµ1µ4ηµ2µ3 + ηµ1µ3ηµ2µ4 − 2ηµ1µ2ηµ3µ4)
− 6ig¯g¯
′2
g¯2 + g¯′2
CW
(
ηµ1µ3 (p
µ2
3 p
µ4
1 − pµ21 pµ43 − pµ24 pµ41 − pµ23 pµ42 )
+ ηµ1µ4 (p
µ2
4 p
µ3
1 − pµ21 pµ34 − pµ23 pµ31 − pµ24 pµ32 )
+ ηµ2µ3 (p
µ1
3 p
µ4
2 − pµ12 pµ43 − pµ14 pµ42 − pµ13 pµ41 )
+ ηµ2µ4 (p
µ1
4 p
µ3
2 − pµ12 pµ34 − pµ13 pµ32 − pµ14 pµ31 )
− ηµ1µ2 (pµ34 (p3 + p4)µ4 + (p3 + p4)µ3pµ43 )
− ηµ3µ4 (pµ12 (p1 + p2)µ2 + (p1 + p2)µ1pµ21 )
+ ηµ1µ3ηµ2µ4(p1 · p4 + p2 · p3) + ηµ1µ4ηµ2µ3(p1 · p3 + p2 · p4)
− ηµ1µ2ηµ3µ4(p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)
)
− 2ig¯
3g¯′3v2(
g¯2 + g¯′2
)2 CϕWB (ηµ1µ4ηµ2µ3 + ηµ1µ3ηµ2µ4 − 2ηµ1µ2ηµ3µ4)
− 2ig¯g¯
′2
g¯2 + g¯′2
CW˜
(
ǫµ1µ3µ4α1 (p
µ2
1 (p3 − p4)α1 + (p3 − p4)µ2(p1 + p2)α1)
+ ǫµ2µ3µ4α1 (p
µ1
2 (p3 − p4)α1 + (p3 − p4)µ1(p1 + p2)α1)
+ ǫµ3µ1µ2α1 (p
µ4
3 (p1 − p2)α1 + (p1 − p2)µ4(p3 + p4)α1)
+ ǫµ4µ1µ2α1 (p
µ3
4 (p1 − p2)α1 + (p1 − p2)µ3(p3 + p4)α1)
+ ηµ1µ3ǫµ2µ4α1β1p
α1
2 p
β1
4 + ηµ1µ4ǫµ2µ3α1β1p
α1
2 p
β1
3
+ ηµ2µ3ǫµ1µ4α1β1p
α1
1 p
β1
4 + ηµ2µ4ǫµ1µ3α1β1p
α1
1 p
β1
3
− 2ηµ1µ2ǫµ3µ4α1β1pα13 pβ14 − 2ηµ3µ4ǫµ1µ2α1β1pα11 pβ12
+ ǫµ1µ2µ3µ4 (p1 · p3 + p2 · p4 − p1 · p4 − p2 · p3)
)
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A0µ1
W+µ2
W−µ3
Z0µ4
− ig¯
3g¯′
g¯2 + g¯′2
(2ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4)
+
6ig¯2g¯′
g¯2 + g¯′2
CW
(
ηµ1µ2(p
µ3
1 p
µ4
3 + p
µ3
4 p
µ4
2 + p
µ3
2 p
µ4
1 − pµ31 pµ42 )
+ ηµ1µ3(p
µ2
1 p
µ4
2 + p
µ2
4 p
µ4
3 + p
µ2
3 p
µ4
1 − pµ21 pµ43 )
+ ηµ2µ4(p
µ1
2 p
µ3
1 + p
µ1
3 p
µ3
4 + p
µ1
4 p
µ3
2 − pµ12 pµ34 )
+ ηµ3µ4(p
µ1
3 p
µ2
1 + p
µ1
2 p
µ2
4 + p
µ1
4 p
µ2
3 − pµ13 pµ24 )
+ ηµ1µ4(p
µ2
3 (p2 + p3)
µ3 + (p2 + p3)
µ2pµ32 )
+ ηµ2µ3(p
µ1
4 (p1 + p4)
µ4 + (p1 + p4)
µ1pµ41 )
− ηµ1µ2ηµ3µ4(p1 · p3 + p2 · p4)− ηµ1µ3ηµ2µ4(p1 · p2 + p3 · p4)
+ ηµ1µ4ηµ2µ3(p1 · p2 + p1 · p3 + p4 · p2 + p4 · p3)
)
−
ig¯2g¯′2v2
(
g¯′2 − g¯2
)
(
g¯2 + g¯′2
)2 CϕWB (2ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4)
− 2ig¯
2g¯′
g¯2 + g¯′2
CW˜
(
ǫµ1µ2µ3α1(p
µ4
1 (p2 − p3)α1 + (p2 − p3)µ4(p1 + p4)α1)
+ ǫµ2µ1µ4α1(p
µ3
2 (p1 − p4)α1 + (p1 − p4)µ3(p2 + p3)α1)
+ ǫµ3µ1µ4α1(p
µ2
3 (p1 − p4)α1 + (p1 − p4)µ2(p2 + p3)α1)
+ ǫµ4µ2µ3α1(p
µ1
4 (p2 − p3)α1 + (p2 − p3)µ1(p1 + p4)α1)
+ ηµ1µ2ǫµ3µ4α1β1p
α1
3 p
β1
4 + ηµ1µ3ǫµ2µ4α1β1p
α1
2 p
β1
4
+ ηµ2µ4ǫµ1µ3α1β1p
α1
1 p
β1
3 + ηµ3µ4ǫµ1µ2α1β1p
α1
1 p
β1
2
− 2ηµ1µ4ǫµ2µ3α1β1pα12 pβ13 − 2ηµ2µ3ǫµ1µ4α1β1pα11 pβ14
+ ǫµ1µ2µ3µ4(p1 · p2 + p3 · p4 − p1 · p3 − p2 · p4)
)
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W+µ1
W+µ2
W−µ3
W−µ4
−ig¯2 (ηµ1µ4ηµ2µ3 + ηµ1µ3ηµ2µ4 − 2ηµ1µ2ηµ3µ4)
+ 6ig¯CW
(
ηµ1µ3(p
µ2
3 p
µ4
1 − pµ21 pµ43 − pµ24 pµ41 − pµ23 pµ42 )
+ ηµ1µ4(p
µ2
4 p
µ3
1 − pµ21 pµ34 − pµ23 pµ31 − pµ24 pµ32 )
+ ηµ2µ3(p
µ1
3 p
µ4
2 − pµ12 pµ43 − pµ14 pµ42 − pµ13 pµ41 )
+ ηµ2µ4(p
µ1
4 p
µ3
2 − pµ12 pµ34 − pµ13 pµ32 − pµ14 pµ31 )
− ηµ1µ2(pµ34 (p3 + p4)µ4 + (p3 + p4)µ3pµ43 )
− ηµ3µ4(pµ12 (p1 + p2)µ2 + (p1 + p2)µ1pµ21 )
+ ηµ1µ3ηµ2µ4(p1 · p4 + p2 · p3) + ηµ1µ4ηµ2µ3(p1 · p3 + p2 · p4)
− ηµ1µ2ηµ3µ4(p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)
)
+ 2ig¯CW˜
(
ǫµ1µ3µ4α1(p
µ2
1 (p3 − p4)α1 + (p3 − p4)µ2(p1 + p2)α1)
+ ǫµ2µ3µ4α1(p
µ1
2 (p3 − p4)α1 + (p3 − p4)µ1(p1 + p2)α1)
+ ǫµ3µ1µ2α1(p
µ4
3 (p1 − p2)α1 + (p1 − p2)µ4(p3 + p4)α1)
+ ǫµ4µ1µ2α1(p
µ3
4 (p1 − p2)α1 + (p1 − p2)µ3(p3 + p4)α1)
+ ηµ1µ3ǫµ2µ4α1β1p
α1
2 p
β1
4 + ηµ1µ4ǫµ2µ3α1β1p
α1
2 p
β1
3
+ ηµ2µ3ǫµ1µ4α1β1p
α1
1 p
β1
4 + ηµ2µ4ǫµ1µ3α1β1p
α1
1 p
β1
3
− 2ηµ1µ2ǫµ3µ4α1β1pα13 pβ14 − 2ηµ3µ4ǫµ1µ2α1β1pα11 pβ12
+ ǫµ1µ2µ3µ4(p1 · p3 + p2 · p4 − p1 · p4 − p2 · p3)
)
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W+µ1
W−µ2
Z0µ3
Z0µ4
+
ig¯4
g¯2 + g¯′2
(ηµ1µ4ηµ2µ3 + ηµ1µ3ηµ2µ4 − 2ηµ1µ2ηµ3µ4)
− 6ig¯
3
g¯2 + g¯′2
CW
(
ηµ1µ3 (p
µ2
3 p
µ4
1 − pµ21 pµ43 − pµ24 pµ41 − pµ23 pµ42 )
+ ηµ1µ4 (p
µ2
4 p
µ3
1 − pµ21 pµ34 − pµ23 pµ31 − pµ24 pµ32 )
+ ηµ2µ3 (p
µ1
3 p
µ4
2 − pµ12 pµ43 − pµ14 pµ42 − pµ13 pµ41 )
+ ηµ2µ4 (p
µ1
4 p
µ3
2 − pµ12 pµ34 − pµ13 pµ32 − pµ14 pµ31 )
− ηµ1µ2 (pµ34 (p3 + p4)µ4 + (p3 + p4)µ3pµ43 )
− ηµ3µ4 (pµ12 (p1 + p2)µ2 + (p1 + p2)µ1pµ21 )
+ ηµ1µ3ηµ2µ4 (p1 · p4 + p2 · p3) + ηµ1µ4ηµ2µ3 (p1 · p3 + p2 · p4)
− ηµ1µ2ηµ3µ4 (p1 · p3 + p1 · p4 + p2 · p3 + p2 · p4)
)
+
2ig¯3g¯′3v2(
g¯2 + g¯′2
)2 CϕWB (ηµ1µ4ηµ2µ3 + ηµ1µ3ηµ2µ4 − 2ηµ1µ2ηµ3µ4)
− 2ig¯
3
g¯2 + g¯′2
CW˜
(
ǫµ1µ3µ4α1 (p
µ2
1 (p3 − p4)α1 + (p3 − p4)µ2(p1 + p2)α1)
+ ǫµ2µ3µ4α1 (p
µ1
2 (p3 − p4)α1 + (p3 − p4)µ1(p1 + p2)α1)
+ ǫµ3µ1µ2α1 (p
µ4
3 (p1 − p2)α1 + (p1 − p2)µ4(p3 + p4)α1)
+ ǫµ4µ1µ2α1 (p
µ3
4 (p1 − p2)α1 + (p1 − p2)µ3(p3 + p4)α1)
+ ηµ1µ3ǫµ2µ4α1β1p
α1
2 p
β1
4 + ηµ1µ4ǫµ2µ3α1β1p
α1
2 p
β1
3
+ ηµ2µ3ǫµ1µ4α1β1p
α1
1 p
β1
4 + ηµ2µ4ǫµ1µ3α1β1p
α1
1 p
β1
3
− 2ηµ1µ2ǫµ3µ4α1β1pα13 pβ14 − 2ηµ3µ4ǫµ1µ2α1β1pα11 pβ12
+ ǫµ1µ2µ3µ4 (p1 · p3 + p2 · p4 − p1 · p4 − p2 · p3)
)
A0µ1
A0µ2 A
0
µ3
W+µ4
W−µ5
+
6ig¯2g¯′3(
g¯2 + g¯′2
)3/2CW ((ηµ1µ5ηµ2µ4 − ηµ1µ4ηµ2µ5)(p1 − p2)µ3
+(ηµ1µ5ηµ3µ4−ηµ1µ4ηµ3µ5)(p1−p3)µ2+(ηµ2µ5ηµ3µ4−ηµ2µ4ηµ3µ5)(p2−p3)µ1
+ ηµ1µ4ηµ2µ3(2p1 − p2 − p3)µ5 − ηµ1µ5ηµ2µ3(2p1 − p2 − p3)µ4
+ ηµ1µ3ηµ2µ4(2p2 − p1 − p3)µ5 − ηµ1µ3ηµ2µ5(2p2 − p1 − p3)µ4
+ ηµ1µ2ηµ3µ4(2p3 − p1 − p2)µ5 − ηµ1µ2ηµ3µ5(2p3 − p1 − p2)µ4)
+
2ig¯2g¯′3(
g¯2 + g¯′2
)3/2CW˜ ((ηµ3µ5ǫµ1µ2µ4α1 − ηµ3µ4ǫµ1µ2µ5α1)(p1 − p2)α1
+ (ηµ2µ5ǫµ1µ3µ4α1 − ηµ2µ4ǫµ1µ3µ5α1)(p1 − p3)α1
+ (ηµ1µ5ǫµ2µ3µ4α1 − ηµ1µ4ǫµ2µ3µ5α1)(p2 − p3)α1
− 2(ηµ1µ2ǫµ3µ4µ5α1 + ηµ1µ3ǫµ2µ4µ5α1 + ηµ2µ3ǫµ1µ4µ5α1)(p4 + p5)α1
+ 2ǫµ1µ2µ4µ5(p1 − p2)µ3 + 2ǫµ1µ3µ4µ5(p1 − p3)µ2 + 2ǫµ2µ3µ4µ5(p2 − p3)µ1)
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A0µ1
A0µ2 W
+
µ3
W−µ4
Z0µ5
+
6ig¯3g¯′2(
g¯2 + g¯′2
)3/2CW ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4)(p1 − p2)µ5
+(ηµ1µ4ηµ3µ5−ηµ1µ3ηµ4µ5)(p1−p5)µ2+(ηµ2µ4ηµ3µ5−ηµ2µ3ηµ4µ5)(p2−p5)µ1
+ ηµ1µ3ηµ2µ5(2p1 − p2 − p5)µ4 − ηµ1µ4ηµ2µ5(2p1 − p2 − p5)µ3
+ ηµ1µ5ηµ2µ3(2p2 − p1 − p5)µ4 − ηµ1µ5ηµ2µ4(2p2 − p1 − p5)µ3
+ ηµ1µ2ηµ3µ5(2p5 − p1 − p2)µ4 − ηµ1µ2ηµ4µ5(2p5 − p1 − p2)µ3)
+
2ig¯3g¯′2(
g¯2 + g¯′2
)3/2CW˜ ((ηµ4µ5ǫµ1µ2µ3α1 − ηµ3µ5ǫµ1µ2µ4α1)(p1 − p2)α1
+ (ηµ2µ3ǫµ1µ4µ5α1 − ηµ2µ4ǫµ1µ3µ5α1)(p1 − p5)α1
+ (ηµ1µ3ǫµ2µ4µ5α1 − ηµ1µ4ǫµ2µ3µ5α1)(p2 − p5)α1
− 2(ηµ1µ2ǫµ3µ4µ5α1 + ηµ1µ5ǫµ2µ3µ4α1 + ηµ2µ5ǫµ1µ3µ4α1)(p3 + p4)α1
+ 2ǫµ1µ2µ3µ4(p1 − p2)µ5 + 2ǫµ1µ3µ4µ5(p1 − p5)µ2 + 2ǫµ2µ3µ4µ5(p2 − p5)µ1)
A0µ1
W+µ2 W
+
µ3
W−µ4
W−µ5
+
6ig¯2g¯′√
g¯2 + g¯′2
CW (ηµ1µ2ηµ3µ4(p4 − p2)µ5 + ηµ1µ4ηµ2µ5(p4 − p2)µ3
+ ηµ1µ3ηµ2µ4(p4 − p3)µ5 + ηµ1µ4ηµ3µ5(p4 − p3)µ2
+ ηµ1µ2ηµ3µ5(p5 − p2)µ4 + ηµ1µ5ηµ2µ4(p5 − p2)µ3
+ ηµ1µ3ηµ2µ5(p5 − p3)µ4 + ηµ1µ5ηµ3µ4(p5 − p3)µ2
+ ηµ1µ2ηµ4µ5(2p2 − p4 − p5)µ3 − ηµ1µ4ηµ2µ3(2p4 − p2 − p3)µ5
+ ηµ1µ3ηµ4µ5(2p3 − p4 − p5)µ2 − ηµ1µ5ηµ2µ3(2p5 − p2 − p3)µ4
+ (ηµ2µ4ηµ3µ5 + ηµ2µ5ηµ3µ4 − 2ηµ2µ3ηµ4µ5)(p1 + 2p2 + 2p3)µ1)
− 2ig¯
2g¯′√
g¯2 + g¯′2
CW˜ (ηµ2µ4ǫµ1µ3µ5α1(p1 − p2 − p4)α1 + ηµ2µ5ǫµ1µ3µ4α1(p1 − p2 − p5)α1
+ ηµ3µ4ǫµ1µ2µ5α1(p1 − p3 − p4)α1 + ηµ3µ5ǫµ1µ2µ4α1(p1 − p3 − p5)α1
+ (ηµ1µ2ǫµ3µ4µ5α1 + ηµ1µ3ǫµ2µ4µ5α1 − 2ηµ2µ3ǫµ1µ4µ5α1)(p4 − p5)α1
+ (ηµ1µ4ǫµ2µ3µ5α1 + ηµ1µ5ǫµ2µ3µ4α1 − 2ηµ4µ5ǫµ1µ2µ3α1)(p3 − p2)α1
+ 2ǫµ1µ2µ3µ4(p2 − p3)µ5 + 2ǫµ1µ2µ3µ5(p2 − p3)µ4
+ 2ǫµ1µ3µ4µ5(p5 − p4)µ2 + 2ǫµ1µ2µ4µ5(p5 − p4)µ3)
A0µ1
W+µ2 W
−
µ3
Z0µ4
Z0µ5
+
6ig¯4g¯′(
g¯2 + g¯′2
)3/2CW ((ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4)(p1 − p4)µ5
+(ηµ1µ3ηµ2µ5−ηµ1µ2ηµ3µ5)(p1−p5)µ4+(ηµ2µ5ηµ3µ4−ηµ2µ4ηµ3µ5)(p4−p5)µ1
+ ηµ1µ2ηµ4µ5(2p1 − p4 − p5)µ3 − ηµ1µ3ηµ4µ5(2p1 − p4 − p5)µ2
+ ηµ1µ5ηµ2µ4(2p4 − p1 − p5)µ3 − ηµ1µ5ηµ3µ4(2p4 − p1 − p5)µ2
+ ηµ1µ4ηµ2µ5(2p5 − p1 − p4)µ3 − ηµ1µ4ηµ3µ5(2p5 − p1 − p4)µ2)
+
2ig¯4g¯′(
g¯2 + g¯′2
)3/2CW˜ ((ηµ2µ5ǫµ1µ3µ4α1 − ηµ3µ5ǫµ1µ2µ4α1)(p1 − p4)α1
+ (ηµ2µ4ǫµ1µ3µ5α1 − ηµ3µ4ǫµ1µ2µ5α1)(p1 − p5)α1
+ (ηµ1µ3ǫµ2µ4µ5α1 − ηµ1µ2ǫµ3µ4µ5α1)(p4 − p5)α1
− 2(ηµ1µ4ǫµ2µ3µ5α1 + ηµ1µ5ǫµ2µ3µ4α1 + ηµ4µ5ǫµ1µ2µ3α1)(p2 + p3)α1
+ 2ǫµ1µ2µ3µ4(p1 − p4)µ5 + 2ǫµ1µ2µ3µ5(p1 − p5)µ4 + 2ǫµ2µ3µ4µ5(p4 − p5)µ1)
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W+µ1
W+µ2 W
−
µ3
W−µ4
Z0µ5
+
6ig¯3√
g¯2 + g¯′2
CW (ηµ1µ4ηµ3µ5(p3 − p1)µ2 + ηµ1µ5ηµ2µ3(p3 − p1)µ4
+ ηµ1µ3ηµ2µ5(p3 − p2)µ4 + ηµ2µ4ηµ3µ5(p3 − p2)µ1
+ ηµ1µ3ηµ4µ5(p4 − p1)µ2 + ηµ1µ5ηµ2µ4(p4 − p1)µ3
+ ηµ1µ4ηµ2µ5(p4 − p2)µ3 + ηµ2µ3ηµ4µ5(p4 − p2)µ1
+ ηµ1µ5ηµ3µ4(2p1 − p3 − p4)µ2 − ηµ1µ2ηµ4µ5(2p4 − p1 − p2)µ3
+ ηµ2µ5ηµ3µ4(2p2 − p3 − p4)µ1 − ηµ1µ2ηµ3µ5(2p3 − p1 − p2)µ4
+ (ηµ1µ3ηµ2µ4 + ηµ1µ4ηµ2µ3 − 2ηµ1µ2ηµ3µ4)(p5 + 2p1 + 2p2)µ5)
+
2ig¯3√
g¯2 + g¯′2
CW˜ (ηµ1µ3ǫµ2µ4µ5α1(p1 + p3 − p5)α1 + ηµ1µ4ǫµ2µ3µ5α1(p1 + p4 − p5)α1
+ ηµ2µ3ǫµ1µ4µ5α1(p2 + p3 − p5)α1 + ηµ2µ4ǫµ1µ3µ5α1(p2 + p4 − p5)α1
+ 2ǫµ1µ2µ3µ5(p1 − p2)µ4 + 2ǫµ1µ2µ4µ5(p1 − p2)µ3
+ 2ǫµ1µ3µ4µ5(p4 − p3)µ2 + 2ǫµ2µ3µ4µ5(p4 − p3)µ1
+ (ηµ3µ5ǫµ1µ2µ4α1 + ηµ4µ5ǫµ1µ2µ3α1 − 2ηµ3µ4ǫµ1µ2µ5α1)(p1 − p2)α1
+ (ηµ2µ5ǫµ1µ3µ4α1 + ηµ1µ5ǫµ2µ3µ4α1 − 2ηµ1µ2ǫµ3µ4µ5α1)(p4 − p3)α1)
W+µ1
W−µ2 Z
0
µ3
Z0µ4
Z0µ5
+
6ig¯5(
g¯2 + g¯′2
)3/2CW ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4)(p3 − p4)µ5
+(ηµ1µ5ηµ2µ3−ηµ1µ3ηµ2µ5)(p3−p5)µ4+(ηµ1µ5ηµ2µ4−ηµ1µ4ηµ2µ5)(p4−p5)µ3
+ ηµ1µ3ηµ4µ5(2p3 − p4 − p5)µ2 − ηµ2µ3ηµ4µ5(2p3 − p4 − p5)µ1
+ ηµ1µ4ηµ3µ5(2p4 − p3 − p5)µ2 − ηµ2µ4ηµ3µ5(2p4 − p3 − p5)µ1
+ ηµ1µ5ηµ3µ4(2p5 − p3 − p4)µ2 − ηµ2µ5ηµ3µ4(2p5 − p3 − p4)µ1)
+
2ig¯5(
g¯2 + g¯′2
)3/2CW˜ ((ηµ2µ5ǫµ1µ3µ4α1 − ηµ1µ5ǫµ2µ3µ4α1)(p3 − p4)α1
+ (ηµ2µ4ǫµ1µ3µ5α1 − ηµ1µ4ǫµ2µ3µ5α1)(p3 − p5)α1
+ (ηµ2µ3ǫµ1µ4µ5α1 − ηµ1µ3ǫµ2µ4µ5α1)(p4 − p5)α1
− 2(ηµ3µ4ǫµ1µ2µ5α1 + ηµ3µ5ǫµ1µ2µ4α1 + ηµ4µ5ǫµ1µ2µ3α1)(p1 + p2)α1
+ 2ǫµ1µ2µ3µ4(p3 − p4)µ5 + 2ǫµ1µ2µ3µ5(p3 − p5)µ4 + 2ǫµ1µ2µ4µ5(p4 − p5)µ3)
A0µ1
A0µ2 W
+
µ3
W+µ4
W−µ5 W
−
µ6
−12ig¯
3g¯′2
g¯2 + g¯′2
CW (ηµ1µ3(2ηµ2µ4ηµ5µ6 − ηµ2µ5ηµ4µ6 − ηµ2µ6ηµ4µ5)
+ ηµ1µ4(2ηµ2µ3ηµ5µ6 − ηµ2µ6ηµ3µ5 − ηµ2µ5ηµ3µ6)
+ ηµ1µ5(2ηµ2µ6ηµ3µ4 − ηµ2µ3ηµ4µ6 − ηµ2µ4ηµ3µ6)
+ ηµ1µ6(2ηµ2µ5ηµ3µ4 − ηµ2µ4ηµ3µ5 − ηµ2µ3ηµ4µ5)
− 2ηµ1µ2(2ηµ3µ4ηµ5µ6 − ηµ3µ5ηµ4µ6 − ηµ3µ6ηµ4µ5))
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A0µ1
W+µ2 W
+
µ3
W−µ4
W−µ5 Z
0
µ6
− 12ig¯
4 g¯′
g¯2 + g¯′2
CW (ηµ1µ2(2ηµ3µ6ηµ4µ5 − ηµ3µ4ηµ5µ6 − ηµ3µ5ηµ4µ6)
+ ηµ1µ3(2ηµ2µ6ηµ4µ5 − ηµ2µ5ηµ4µ6 − ηµ2µ4ηµ5µ6)
+ ηµ1µ4(2ηµ2µ3ηµ5µ6 − ηµ2µ6ηµ3µ5 − ηµ2µ5ηµ3µ6)
+ ηµ1µ5(2ηµ2µ3ηµ4µ6 − ηµ2µ6ηµ3µ4 − ηµ2µ4ηµ3µ6)
− 2ηµ1µ6(2ηµ2µ3ηµ4µ5 − ηµ2µ5ηµ3µ4 − ηµ2µ4ηµ3µ5))
W+µ1
W+µ2 W
−
µ3
W−µ4
Z0µ5 Z
0
µ6
− 12ig¯
5
g¯2 + g¯′2
CW (ηµ1µ3(2ηµ2µ4ηµ5µ6 − ηµ2µ5ηµ4µ6 − ηµ2µ6ηµ4µ5)
+ ηµ1µ4(2ηµ2µ3ηµ5µ6 − ηµ2µ6ηµ3µ5 − ηµ2µ5ηµ3µ6)
+ ηµ1µ5(2ηµ2µ6ηµ3µ4 − ηµ2µ3ηµ4µ6 − ηµ2µ4ηµ3µ6)
+ ηµ1µ6(2ηµ2µ5ηµ3µ4 − ηµ2µ4ηµ3µ5 − ηµ2µ3ηµ4µ5)
− 2ηµ1µ2(2ηµ3µ4ηµ5µ6 − ηµ3µ5ηµ4µ6 − ηµ3µ6ηµ4µ5))
A.11 Higgs-gluon vertices
ga1µ1
ga2µ2
h
+4ivδa1a2C
ϕG (pµ21 p
µ1
2 − p1 · p2ηµ1µ2) + 4ivδa1a2CϕG˜pα11 pβ12 ǫµ1µ2α1β1
ga1µ1
ga2µ2
G0
G0
+4iδa1a2C
ϕG (pµ21 p
µ1
2 − p1 · p2ηµ1µ2) + 4iδa1a2CϕG˜pα11 pβ12 ǫµ1µ2α1β1
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ga1µ1
ga2µ2
G+
G−
+4iδa1a2C
ϕG (pµ21 p
µ1
2 − p1 · p2ηµ1µ2) + 4iδa1a2CϕG˜pα11 pβ12 ǫµ1µ2α1β1
ga1µ1
ga2µ2
h
h
+4iδa1a2C
ϕG (pµ21 p
µ1
2 − p1 · p2ηµ1µ2) + 4iδa1a2CϕG˜pα11 pβ12 ǫµ1µ2α1β1
ga1µ1
ga2µ2
ga3µ3
h
+4vg¯sfa1a2a3C
ϕG (ηµ1µ2p
µ3
1 − ηµ1µ2pµ32 − ηµ1µ3pµ21 + ηµ1µ3pµ23
+ ηµ2µ3p
µ1
2 − ηµ2µ3pµ13 ) + 4vg¯sfa1a2a3CϕG˜ (pα11 + pα12 + pα13 ) ǫµ1µ2µ3α1
ga1µ1
ga2µ2 g
a3
µ3
G0
G0
+4g¯sfa1a2a3C
ϕG (ηµ1µ2p
µ3
1 − ηµ1µ2pµ32 − ηµ1µ3pµ21 + ηµ1µ3pµ23
+ ηµ2µ3p
µ1
2 − ηµ2µ3pµ13 ) + 4g¯sfa1a2a3CϕG˜ (pα11 + pα12 + pα13 ) ǫµ1µ2µ3α1
ga1µ1
ga2µ2 g
a3
µ3
G+
G−
+4g¯sfa1a2a3C
ϕG (ηµ1µ2p
µ3
1 − ηµ1µ2pµ32 − ηµ1µ3pµ21 + ηµ1µ3pµ23
+ ηµ2µ3p
µ1
2 − ηµ2µ3pµ13 ) + 4g¯sfa1a2a3CϕG˜ (pα11 + pα12 + pα13 ) ǫµ1µ2µ3α1
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ga1µ1
ga2µ2 g
a3
µ3
h
h
+4g¯sfa1a2a3C
ϕG (ηµ1µ2p
µ3
1 − ηµ1µ2pµ32 − ηµ1µ3pµ21 + ηµ1µ3pµ23
+ ηµ2µ3p
µ1
2 − ηµ2µ3pµ13 ) + 4g¯sfa1a2a3CϕG˜ (pα11 + pα12 + pα13 ) ǫµ1µ2µ3α1
ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
h
−4ivg¯2sCϕG ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4) fa1a2b1fa3a4b1
+ (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4) fa1a3b1fa2a4b1
+ (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4) fa1a4b1fa2a3b1)
ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
G0 G0
−4ig¯2sCϕG ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4) fa1a2b1fa3a4b1
+ (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4) fa1a3b1fa2a4b1
+ (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4) fa1a4b1fa2a3b1)
ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
G+ G−
−4ig¯2sCϕG ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4) fa1a2b1fa3a4b1
+ (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4) fa1a3b1fa2a4b1
+ (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4) fa1a4b1fa2a3b1)
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ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
h h
−4ig¯2sCϕG ((ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4) fa1a2b1fa3a4b1
+ (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4) fa1a3b1fa2a4b1
+ (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4) fa1a4b1fa2a3b1)
A.12 Gluon-gluon vertices
ga1µ1
ga2µ2
ga3µ3
−g¯sfa1a2a3 [ηµ1µ2(p1 − p2)µ3 + ηµ1µ3(p3 − p1)µ2 + ηµ2µ3(p2 − p3)µ1 ]
+ 6CGfa1a2a3 [p
µ1
3 p
µ2
1 p
µ3
2 − pµ12 pµ23 pµ31 + ηµ1µ2(pµ31 (p2 · p3)− pµ32 (p1 · p3))
+ ηµ2µ3(p
µ1
2 (p1 · p3)− pµ13 (p1 · p2)) + ηµ3µ1(pµ23 (p1 · p2)− pµ21 (p2 · p3))]
+ 2CG˜fa1a2a3 [ǫµ1µ2µ3α1(p
α1
1 (p2 · p3) + pα12 (p1 · p3) + pα13 (p1 · p2))
+ ǫµ1µ2α1β1(p1 − p2)µ3pα11 pβ12 + ǫµ2µ3α1β1(p2 − p3)µ1pα12 pβ13
+ ǫµ3µ1α1β1(p3 − p1)µ2pα13 pβ11 ]
ga1µ1
ga2µ2
ga3µ3
ga4µ4
Caution: very long expression, part proportional to CG˜ in 4-gluon vertex
not displayed.
+ig¯2s (fa1a2b1fa3a4b1 (ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4)
+ fa1a3b1fa2a4b1 (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4)
+ fa1a4b1fa2a3b1 (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4))
−6ig¯sCG
(
fa1a2b1fa3a4b1 [ηµ1µ3(p
µ2
1 p
µ4
2 + p
µ2
4 p
µ4
3 ) + ηµ2µ4(p
µ1
2 p
µ3
1 + p
µ1
3 p
µ3
4 )
+ ηµ1µ2(p
µ3
2 p
µ4
1 − pµ31 pµ42 )+ ηµ3µ4(pµ14 pµ23 − pµ13 pµ24 )− ηµ1µ4(pµ21 pµ32 + pµ23 pµ34 )
− ηµ2µ3(pµ12 pµ41 + pµ14 pµ43 ) + (ηµ1µ4ηµ2µ3 − ηµ1µ3ηµ2µ4)(p1 · p2 + p3 · p4)]
+ fa1a3b1fa2a4b1 [ηµ1µ2(p
µ3
1 p
µ4
3 + p
µ3
4 p
µ4
2 ) + ηµ3µ4(p
µ1
3 p
µ2
1 + p
µ1
2 p
µ2
4 )
+ ηµ1µ3(p
µ2
3 p
µ4
1 − pµ21 pµ43 )+ ηµ2µ4(pµ14 pµ32 − pµ12 pµ34 )− ηµ1µ4(pµ23 pµ31 + pµ24 pµ32 )
− ηµ2µ3(pµ13 pµ41 + pµ14 pµ42 ) + (ηµ1µ4ηµ2µ3 − ηµ1µ2ηµ3µ4)(p1 · p3 + p2 · p4)]
+ fa1a4b1fa2a3b1 [ηµ1µ2(p
µ3
2 p
µ4
3 + p
µ3
4 p
µ4
1 ) + ηµ3µ4(p
µ1
2 p
µ2
3 + p
µ1
4 p
µ2
1 )
+ ηµ1µ4(p
µ2
4 p
µ3
1 − pµ21 pµ34 )+ ηµ2µ3(pµ13 pµ42 − pµ12 pµ43 )− ηµ1µ3(pµ24 pµ41 + pµ23 pµ42 )
− ηµ2µ4(pµ14 pµ31 + pµ13 pµ32 ) + (ηµ1µ3ηµ2µ4 − ηµ1µ2ηµ3µ4)(p1 · p4 + p2 · p3)]
)
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ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
ga5µ5
Caution: very long expression, 5-gluon vertex not displayed.
ga1µ1
ga2µ2 g
a3
µ3
ga4µ4
ga5µ5 g
a6
µ6
Caution: very long expression, 6-gluon vertex not displayed.
A.13 Four-fermion vertices
νf1s1
νf2s2
νf3s3
νf4s4
+ 2iC llg1g2g3g4
[
U∗g1f1Ug2f2U
∗
g3f3Ug4f4(γ
µPL)s1s2(γ
µPL)s3s4
− U∗g1f2Ug2f1U∗g3f3Ug4f4(γµPR)s1s2(γµPL)s3s4
− U∗g1f1Ug2f2U∗g3f4Ug4f3(γµPL)s1s2(γµPR)s3s4
+ U∗g1f2Ug2f1U
∗
g3f4Ug4f3(γ
µPR)s1s2(γ
µPR)s3s4
]
− 2iC llg1g4g3g2
[
U∗g1f1Ug4f4U
∗
g3f3Ug2f2(γ
µPL)s1s4(γ
µPL)s3s2
− U∗g1f4Ug4f1U∗g3f3Ug2f2(γµPR)s1s4(γµPL)s3s2
− U∗g1f1Ug4f4U∗g3f2Ug2f3(γµPL)s1s4(γµPR)s3s2
+ U∗g1f4Ug4f1U
∗
g3f2Ug2f3(γ
µPR)s1s4(γ
µPR)s3s2
]
− 2iC llg1g3g2g4
[
U∗g1f1Ug3f3U
∗
g2f2Ug4f4(γ
µPL)s1s3(γ
µPL)s2s4
− U∗g1f3Ug3f1U∗g2f2Ug4f4(γµPR)s1s3(γµPL)s2s4
− U∗g1f1Ug3f3U∗g2f4Ug4f2(γµPL)s1s3(γµPR)s2s4
+ U∗g1f3Ug3f1U
∗
g2f4Ug4f2(γ
µPR)s1s3(γ
µPR)s2s4
]
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ef1s1
ef2s2
νf3s3
νf4s4
+2i(γµPL)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
ll
f1f2g1g2 − Ug1f3U∗g2f4(γµPR)s3s4C llf1f2g2g1
]
+i(γµPR)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
le
g1g2f1f2 − Ug1f3U∗g2f4(γµPR)s3s4C leg2g1f1f2
]
ef1s1
ef2s2
ef3s3
ef4s4
+2i
(
C llf1f2f3f4(γ
µPL)s1s2(γ
µPL)s3s4 − C llf1f4f3f2(γµPL)s1s4(γµPL)s3s2
)
+2i
(
Ceef1f2f3f4(γ
µPR)s1s2(γ
µPR)s3s4 − Ceef1f4f3f2(γµPR)s1s4(γµPR)s3s2
)
+ i
(
C lef1f2f3f4(γ
µPL)s1s2(γ
µPR)s3s4 − C lef1f4f3f2(γµPL)s1s4(γµPR)s3s2
+ C lef3f4f1f2(γ
µPL)s3s4(γ
µPR)s1s2 − C lef3f2f1f4(γµPL)s3s2(γµPR)s1s4
)
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df1m1s1
df2m2s2
uf3m3s3
uf4m4s4
+2iδm1m2δm3m4Kf3g2K
∗
f4g1(γ
µPL)s1s2(γ
µPL)s3s4C
qq1
f1f2g2g1
− 2iKf3g2K∗f4g1
(
δm1m2δm3m4(γ
µPL)s1s2(γ
µPL)s3s4C
qq3
f1f2g2g1
+ 2δm1m4δm2m3(γ
µPL)s1s4(γ
µPL)s3s2C
qq3
f1g1g2f2
)
+ iδm1m2δm3m4C
ud1
f3f4f1f2(γ
µPR)s1s2(γ
µPR)s3s4
+
i
6
(3δm1m4δm2m3 − δm1m2δm3m4)Cud8f3f4f1f2(γµPR)s1s2(γµPR)s3s4
+ iδm1m2δm3m4C
qu1
f1f2f3f4
(γµPL)s1s2(γ
µPR)s3s4
+
i
6
(3δm1m4δm2m3 − δm1m2δm3m4)Cqu8f1f2f3f4(γµPL)s1s2(γµPR)s3s4
+ iδm1m2δm3m4Kf3g2K
∗
f4g1(γ
µPL)s3s4(γ
µPR)s1s2C
qd1
g2g1f1f2
+
i
6
(3δm1m4δm2m3 − δm1m2δm3m4)Kf3g2K∗f4g1(γµPL)s3s4(γµPR)s1s2Cqd8g2g1f1f2
+ iK∗f4g1
(
δm1m2δm3m4(PL)s1s2(PL)s3s4C
quqd1∗
g1f3f2f1
+ δm1m4δm2m3(PL)s1s4(PL)s3s2C
quqd1∗
f2f3g1f1
)
+ iKf3g1
(
δm1m2δm3m4(PR)s1s2(PR)s3s4C
quqd1
g1f4f1f2
+ δm1m4δm2m3(PR)s1s4(PR)s3s2C
quqd1
f1f4g1f2
)
+
i
6
K∗f4g1
(
(3δm1m4δm2m3 − δm1m2δm3m4) (PL)s1s2(PL)s3s4Cquqd8∗g1f3f2f1
+ (3δm1m2δm3m4 − δm1m4δm2m3) (PL)s1s4(PL)s3s2Cquqd8∗f2f3g1f1
)
+
i
6
Kf3g1
(
(3δm1m4δm2m3 − δm1m2δm3m4)(PR)s1s2(PR)s3s4Cquqd8g1f4f1f2
+ (3δm1m2δm3m4 − δm1m4δm3m2)(PR)s1s4(PR)s3s2Cquqd8f1f4g1f2
)
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uf1m1s1
uf2m2s2
uf3m3s3
uf4m4s4
+2iKf1g3Kf3g4K
∗
f2g1K
∗
f4g2
(
δm1m2δm3m4(γ
µPL)s1s2(γ
µPL)s3s4C
qq1
g3g1g4g2
− δm1m4δm2m3(γµPL)s1s4(γµPL)s3s2Cqq1g4g1g3g2
)
+ 2iKf1g3Kf3g4K
∗
f2g1K
∗
f4g2
(
δm1m2δm3m4(γ
µPL)s1s2(γ
µPL)s3s4C
qq3
g3g1g4g2
− δm1m4δm2m3(γµPL)s1s4(γµPL)s3s2Cqq3g4g1g3g2
)
+ 2i
(
δm1m2δm3m4C
uu
f1f2f3f4(γ
µPR)s1s2(γ
µPR)s3s4
− δm1m4δm2m3Cuuf1f4f3f2(γµPR)s1s4(γµPR)s3s2
)
+ i
(
δm1m2δm3m4Kf1g2K
∗
f2g1(γ
µPL)s1s2(γ
µPR)s3s4C
qu1
g2g1f3f4
+ δm1m2δm3m4Kf3g2K
∗
f4g1(γ
µPL)s3s4(γ
µPR)s1s2C
qu1
g2g1f1f2
− δm1m4δm2m3Kf1g2K∗f4g1(γµPL)s1s4(γµPR)s3s2Cqu1g2g1f3f2
− δm1m4δm2m3K∗f2g1Kf3g2(γµPL)s3s2(γµPR)s1s4Cqu1g2g1f1f4
)
+
i
6
(
(3δm1m4δm2m3 − δm1m2δm3m4)Kf1g2K∗f2g1(γµPL)s1s2(γµPR)s3s4Cqu8g2g1f3f4
+(3δm1m4δm2m3 − δm1m2δm3m4)Kf3g2K∗f4g1(γµPL)s3s4(γµPR)s1s2Cqu8g2g1f1f2
+ (δm1m4δm2m3 − 3δm1m2δm3m4)Kf1g2K∗f4g1(γµPL)s1s4(γµPR)s3s2Cqu8g2g1f3f2
(δm1m4δm2m3 − 3δm1m2δm3m4)Kf3g2K∗f2g1(γµPL)s3s2(γµPR)s1s4Cqu8g2g1f1f4
)
df1m1s1
df2m2s2
df3m3s3
df4m4s4
+2i
(
δm1m2δm3m4C
qq1
f1f2f3f4
(γµPL)s1s2(γ
µPL)s3s4
− δm1m4δm2m3Cqq1f1f4f3f2(γµPL)s1s4(γµPL)s3s2
)
+ 2i
(
δm1m2δm3m4C
qq3
f1f2f3f4
(γµPL)s1s2(γ
µPL)s3s4
− δm1m4δm2m3Cqq3f1f4f3f2(γµPL)s1s4(γµPL)s3s2
)
+ 2i
(
δm1m2δm3m4C
dd
f1f2f3f4(γ
µPR)s1s2(γ
µPR)s3s4
− δm1m4δm2m3Cddf1f4f3f2(γµPR)s1s4(γµPR)s3s2
)
+ i
(
δm1m2δm3m4C
qd1
f3f4f1f2
(γµPL)s3s4(γ
µPR)s1s2
+ δm1m2δm3m4C
qd1
f1f2f3f4
(γµPL)s1s2(γ
µPR)s3s4
− δm1m4δm2m3Cqd1f3f2f1f4(γµPL)s3s2(γµPR)s1s4
− δm1m4δm2m3Cqd1f1f4f3f2(γµPL)s1s4(γµPR)s3s2
)
+
i
6
(
(3δm1m4δm2m3 − δm1m2δm3m4)Cqd8f1f2f3f4(γµPL)s1s2(γµPR)s3s4
+(3δm1m4δm2m3 − δm1m2δm3m4)Cqd8f3f4f1f2(γµPL)s3s4(γµPR)s1s2
+(δm1m4δm2m3 − 3δm1m2δm3m4)Cqd8f1f4f3f2(γµPL)s1s4(γµPR)s3s2
+(δm1m4δm2m3 − 3δm1m2δm3m4)Cqd8f3f2f1f4(γµPL)s3s2(γµPR)s1s4
)
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ef1s1
ef2s2
uf3m3s3
uf4m4s4
+iKf3g2K
∗
f4g1(γ
µPL)s1s2(γ
µPL)s3s4C
lq1
f1f2g2g1
− iKf3g2K∗f4g1(γµPL)s1s2(γµPL)s3s4C lq3f1f2g2g1
+ iCeuf1f2f3f4(γ
µPR)s1s2(γ
µPR)s3s4
+ iC luf1f2f3f4(γ
µPL)s1s2(γ
µPR)s3s4
+ iKf3g2K
∗
f4g1(γ
µPL)s3s4(γ
µPR)s1s2C
qe
g2g1f1f2
− i
(
(PL)s1s2(PL)s3s4K
∗
f4g1C
lequ1∗
f2f1g1f3
+ (PR)s1s2(PR)s3s4Kf3g1C
lequ1
f1f2g1f4
)
− i
(
K∗f4g1(σ
µνPL)s1s2(σµνPL)s3s4C
lequ3∗
f2f1g1f3
+Kf3g1C
lequ3
f1f2g1f4
(σµνPR)s1s2(σµνPR)s3s4
)
df1m1s1
df2m2s2
ef3s3
ef4s4
+iC lq1f3f4f1f2(γ
µPL)s1s2(γ
µPL)s3s4 + iC
lq3
f3f4f1f2
(γµPL)s1s2(γ
µPL)s3s4
+ iCedf3f4f1f2(γ
µPR)s1s2(γ
µPR)s3s4
+ iC ldf3f4f1f2(γ
µPL)s3s4(γ
µPR)s1s2+ iC
qe
f1f2f3f4
(γµPL)s1s2(γ
µPR)s3s4
+ i
(
(PL)s3s4(PR)s1s2C
ledq∗
f4f3f2f1
+ (PL)s1s2(PR)s3s4C
ledq
f3f4f1f2
)
df1m1s1
uf2m2s2
νf3s3
ef4s4
+2iK∗f2g1U
∗
g2f3(γ
µPL)s1s2(γ
µPL)s3s4C
lq3
g2f4f1g1
+ i(PL)s1s2(PR)s3s4K
∗
f2g1U
∗
g2f3C
ledq
g2f4f1g1
+ i(PR)s1s2(PR)s3s4U
∗
g1f3C
lequ1
g1f4f1f2
+ iU∗g1f3C
lequ3
g1f4f1f2
(σµνPR)s1s2(σµνPR)s3s4
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uf1m1s1
uf2m2s2
νf3s3
νf4s4
+iKf1g3K
∗
f2g1(γ
µPL)s1s2
[
U∗g2f3Ug4f4(γ
µPL)s3s4C
lq1
g2g4g3g1
− U∗g4f4Ug2f3(γµPR)s3s4C lq1g4g2g3g1
]
+ iKf1g3K
∗
f2g1(γ
µPL)s1s2
[
U∗g2f3Ug4f4(γ
µPL)s3s4C
lq3
g2g4g3g1
− U∗g4f4Ug2f3(γµPR)s3s4C lq3g4g2g3g1
]
+i(γµPR)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
lu
g1g2f1f2 − Ug1f3U∗g2f4(γµPR)s3s4C lug2g1f1f2
]
df1m1s1
df2m2s2
νf3s3
νf4s4
+i(γµPL)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
lq1
g1g2f1f2
− Ug1f3U∗g2f4(γµPR)s3s4C lq1g2g1f1f2
]
−i(γµPL)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
lq3
g1g2f1f2
− Ug1f3U∗g2f4(γµPR)s3s4C lq3g2g1f1f2
]
+i(γµPR)s1s2
[
Ug2f4U
∗
g1f3(γ
µPL)s3s4C
ld
g1g2f1f2 − Ug1f3U∗g2f4(γµPR)s3s4C ldg2g1f1f2
]
A.14 Lepton and baryon number violating vertices
(dc)f1m1s1
uf2m2s2
(dc)f3m3s3
νf4
−iǫm1m2m3Ug4f4
[
Cduqf1f2f3g4(PR)s1s2(PL)s3s4 + C
duq
f3f2f1g4
(PR)s3s2(PL)s1s4
]
−iǫm1m2m3K∗f2g2Ug4f4
[
Cqqqf1g2f3g4(PL)s1s2(PL)s3s4 + C
qqq
f3g2f1g4
(PL)s3s2(PL)s1s4
]
(dc)f1m1s1
df2m2s2
(uc)f3m3s3
νf4
+iǫm1m2m3K
∗
f3g3Ug4f4
[
Cqqqf1f2g3g4 − C
qqq
f2f1g3g4
]
(PL)s1s2(PL)s3s4
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(uc)f1m1s1
df2m2s2
(uc)f3m3s3
ef4s4
2iǫm1m2m3
[
K∗f1g1C
qqu
g1f2f3f4
(PL)s1s2(PR)s3s4 +K
∗
f3g3C
qqu
g3f2f1f4
(PL)s3s2(PR)s1s4
]
−iǫm1m2m3
[
K∗f3g3C
duq
f2f1g3f4
(PR)s1s2(PL)s3s4 +K
∗
f1g1C
duq
f2f3g1f4
(PR)s3s2(PL)s1s4
]
−iǫm1m2m3
[
Cduuf2f1f3f4(PR)s1s2(PR)s3s4 + C
duu
f2f3f1f4(PR)s3s2(PR)s1s4
]
−iǫm1m2m3K∗f1g1K∗f3g3
[
Cqqqg1f2g3f4(PL)s1s2(PL)s3s4 + C
qqq
g3f2g1f4
(PL)s3s2(PL)s1s4
]
(uc)f1m1s1
uf2m2s2
(dc)f3m3s3
ef4s4
+iǫm1m2m3K
∗
f1g1K
∗
f2g2
[
Cqqqg1g2f3f4 − C
qqq
g2g1f3f4
]
(PL)s1s2(PL)s3s4
A.15 Ghost vertices
η¯+
ηZ
G+
−
ig¯v
(
g¯′2 − g¯2
)
ξW
4
√
g¯2 + g¯′2
+
ig¯2g¯′v3
(
g¯′2 − g¯2
)
ξW
4
(
g¯2 + g¯′2
)3/2 CϕWB
η¯−
ηZ
G−
−
ig¯v
(
g¯′2 − g¯2
)
ξW
4
√
g¯2 + g¯′2
+
ig¯2g¯′v3
(
g¯′2 − g¯2
)
ξW
4
(
g¯2 + g¯′2
)3/2 CϕWB
η¯+
ηA
G+
+
ig¯2g¯′vξW
2
√
g¯2 + g¯′2
− ig¯
3g¯′2v3ξW
2
(
g¯2 + g¯′2
)3/2CϕWB
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η¯−
ηA
G−
+
ig¯2g¯′vξW
2
√
g¯2 + g¯′2
− ig¯
3g¯′2v3ξW
2
(
g¯2 + g¯′2
)3/2CϕWB
η¯−
η−
G0
+
1
4
g¯2vξW − 1
16
g¯2v3ξWC
ϕD
η¯+
η+
G0
−1
4
g¯2vξW +
1
16
g¯2v3ξWC
ϕD
η¯−
η−
h
+
1
4
ig¯2vξW +
1
4
ig¯2v3ξWC
ϕ2 − 1
16
ig¯2v3ξWC
ϕD
η¯+
η+
h
+
1
4
ig¯2vξW +
1
4
ig¯2v3ξWC
ϕ2 − 1
16
ig¯2v3ξWC
ϕD
η¯Z
η−
G+
−1
4
ig¯v
√
g¯2 + g¯′2ξZ − 1
8
ig¯v3
√
g¯2 + g¯′2ξZCϕD − ig¯
2g¯′v3ξZ
4
√
g¯2 + g¯′2
CϕWB
η¯Z
η+
G−
−1
4
ig¯v
√
g¯2 + g¯′2ξZ − 1
8
ig¯v3
√
g¯2 + g¯′2ξZCϕD − ig¯
2g¯′v3ξZ
4
√
g¯2 + g¯′2
CϕWB
η¯Z
ηZ
h
+
1
4
ivξZ
(
g¯2 + g¯′2
)
+
1
4
iv3ξZ
(
g¯2 + g¯′2
)
Cϕ2
+
1
16
iv3ξZ
(
g¯2 + g¯′2
)
CϕD +
1
2
ig¯g¯′v3ξZCϕWB
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η¯−
η−
A0µ3
+
ig¯g¯′√
g¯2 + g¯′2
pµ31 −
ig¯2g¯′2v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯+
η+
A0µ3
− ig¯g¯
′√
g¯2 + g¯′2
pµ31 +
ig¯2g¯′2v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯a1G
ηa2G
ga3µ3
−g¯sfa3a1a2pµ31
η¯A
η−
W+µ3
− ig¯g¯
′√
g¯2 + g¯′2
pµ31 −
ig¯4v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯+
ηA
W+µ3
+
ig¯g¯′√
g¯2 + g¯′2
pµ31 −
ig¯2g¯′2v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯+
ηZ
W+µ3
+
ig¯2√
g¯2 + g¯′2
pµ31 +
ig¯g¯′3v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯Z
η−
W+µ3
− ig¯
2√
g¯2 + g¯′2
pµ31 +
ig¯3g¯′v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯A
η+
W−µ3
+
ig¯g¯′√
g¯2 + g¯′2
pµ31 +
ig¯4v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
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η¯−
ηA
W−µ3
− ig¯g¯
′√
g¯2 + g¯′2
pµ31 +
ig¯2g¯′2v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯−
ηZ
W−µ3
− ig¯
2√
g¯2 + g¯′2
pµ31 −
ig¯g¯′3v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯Z
η+
W−µ3
+
ig¯2√
g¯2 + g¯′2
pµ31 −
ig¯3g¯′v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯−
η−
Z0µ3
+
ig¯2√
g¯2 + g¯′2
pµ31 +
ig¯g¯′3v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
η¯+
η+
Z0µ3
− ig¯
2√
g¯2 + g¯′2
pµ31 −
ig¯g¯′3v2(
g¯2 + g¯′2
)3/2CϕWBpµ31
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